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ABSTRACT
Lithium ion batteries (LIBs) have been regarded as the most successful
electrochemical power sources for a wide range of applications, including consumer
devices, portable electronics, electric vehicles, and renewable energy storage, due to
their potential for high power density and high energy density. Tremendous efforts
have been made towards even further improving their high capacity, excellent rate
capability, and cycling stability by developing novel cathode and anode materials to
meet the increasing power-supply requirements. In this thesis, a series of electrode
materials, including germanium, germanate, cobalt oxide, titanium dioxide, and
lithium iron phosphate have been synthesized, and their physical and electrochemical
performances were investigated.

Ultra-fine Co3O4 nanocrystals homogeneously attached to nitrogen-doped reduced
graphene oxide (rGO) by the hydrothermal reaction method have been demonstrated
as promising anode materials for the lithium ion battery. Transmission electron
microscope images revealed that the crystal size of Co3O4 in Co3O4/N-rGO and
Co3O4/rGO is 5-10 nm, much smaller than that of bare Co3O4, indicating that the
reduced graphene oxide sheets with Co3O4 nanocrystals attached could hinder the
growth and aggregation of Co3O4 crystals during synthesis. The graphene sheets can
also effectively buffer the volume changes in Co3O4 upon lithium insertion/extraction,
thus improving the cycling performance of the composite electrodes. The doped
nitrogen on the reduced graphene oxide can not only improve the conductivity of the
vii

graphene sheets, but also introduces defects to store lithium and enhance the
connection of the Co3O4 nanocrystals to the graphene sheets, leading to better
distribution of Co3O4 on the graphene sheets and enhanced rate performance. The
nitrogen doping combined with these unique structural features is a promising
strategy for the development of electrode materials for lithium ion batteries with high
electrochemical performance. Anatase TiO2 nanoparticles grown in situ on
nitrogen-doped reduced graphene oxide have been successfully synthesized as an
anode material for the lithium ion battery. The nanosized TiO2 particles were
homogeneously distributed on the reduced graphene oxide and inhibited the
restacking of the neighboring graphene sheets. The obtained TiO2/N-rGO composite
exhibits improved cycling performance and rate capability, indicating the important
role of reduced graphene oxide, which not only facilitates the formation of uniformly
distributed TiO2 nanocrystals, but also increases the electrical conductivity of the
composite material. The introduction of nitrogen on the reduced graphene oxide has
been proved to increase the conductivity of the rGO and leads to more defects. A
disordered structure is thus formed to accommodate more lithium ions, thereby further
improving the electrochemical performance.

A

unique

sandwich-structured

C/Ge/graphene

composite

with

germanium

nanoparticles trapped between graphene sheets was prepared by microwave-assisted
solvothermal reaction, followed by carbon coating and thermal reduction. The
graphene sheets are found to be effective in hindering the growth and aggregation of
GeO2 nanoparticles. More importantly, the graphene sheets, coupled with the carbon
viii

coating, can buffer the volume changes of germanium in electrochemical lithium
reactions. The unique sandwich structure features a highly conductive network of
carbon, which can improve both the conductivity and the structural stability of the
electrode material, and exemplifies a promising strategy for the development of new
high performance electrode materials for lithium ion batteries. The C/graphene/Ge
composite displayed a high-rate capability of 746.3 mA h g-1 at a high rate of 20 C
and high reversible specific capacity of 992.8 mA h g-1 after 160 cycles at the rate of 1
C. Another novel germanium-carbon composite, consisting of hollow carbon spheres
with encapsulated germanium (Ge@HCS), was synthesized by introducing
germanium precursor into the porous-structured hollow carbon spheres. The carbon
spheres not only function as a scaffold to hold the germanium and thus maintain the
structural integrity of the composite, but also increase the electrical conductivity. The
voids and vacancies that are formed after the reduction of germanium dioxide to
germanium provide free space for accommodating the volume changes during
discharging/charging processes, thus preventing pulverization. The obtained
Ge@HCS composite exhibits excellent lithium storage performance, as revealed by
electrochemical evaluation. The Ge@HCS showed good cycling stability at the 0.4 C
rate for 100 cycles and a high rate capability up to 20 C. Furthermore, urchin-like
Ca2Ge7O16 hierarchical hollow microspheres have been obtained through a facile
solvothermal method. The growth mechanism is proposed based on our experimental
results on the growth process. Analysis of the electrochemical performance in
different electrolytes shows that ethylene carbonate/dimethyl carbonate/diethyl
ix

carbonate (3/4/3 by volume) with 5 wt% fluoroethylene carbonate additive is the most
suitable solvent for the electrolyte. From the electrochemical evaluation, the
as-synthesized Ca2Ge7O16 hollow microspheres exhibit high reversible specific
capacity of up to 804 mA h g-1 at a current density of 100 mA g-1 and remarkable rate
capability of 341 mA h g-1 at a current density of 4 A g-1. These excellent lithium
storage properties are attributed to the unique urchin-like morphology and hollow
structure, due to the short lithium ion diffusion distance, large surface area, high
density of active sites, very good permeability, and good structural integrity.

A composite cathode material for lithium ion battery applications, Mo-doped
LiFePO4/C, was obtained through a facile and fast microwave-assisted synthesis
method. Rietveld analysis of LiFePO4-based structural models using synchrotron
X-ray diffraction data shows that Mo-ions substitute onto the Fe sites and displace
Fe-ions to the Li sites. Supervalent Mo6+ doping can act to introduce Li ion vacancies
due to the charge compensation effect and thereby facilitates lithium ion diffusion
during charging/discharging. Transmission electron microscope images demonstrated
that the pure and doped LiFePO4 nanoparticles were uniformly covered by an
approximately 5 nm thin layer of graphitic carbon. Amorphous carbon on the
graphitic carbon-coated pure and doped LiFePO4 particles forms a three-dimensional
(3D) conductive carbon network, effectively improving the conductivity of these
materials. The combined effects of Mo-doping and the 3D carbon network
dramatically enhance the electrochemical performance of these LiFePO4 cathodes. In
particular, Mo-doped LiFePO4/C delivers a reversible capacity of 162 mA h g-1 at a
x

current density of 0.5 C and shows enhanced capacity retention compared to that of
un-doped LiFePO4/C. Moreover, the electrode exhibits excellent rate capability, with
an associated high discharge capacity and good electrochemical reversibility.
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1 INTRODUCTION
Nowadays, with the constantly increasing worldwide need for energy, our main
energy sources, fossil fuels, such as coal, petroleum, and natural gas, are rapidly being
depleted, while their combustion is increasing the output of greenhouse gases
emissions and other pollutants in our environment. Renewable and sustainable energy
is in urgent need to solve such problems. Among the recent proposed energy
conversion or storage systems, essential with intermittent sources of energy, such as
wind or solar, lithium ion rechargeable batteries are the dominant system of
rechargeable batteries because of their high energy density, high power density, and
higher operating voltage compared to other rechargeable battery systems, such as
lead-acid batteries, and the widely used nickel-metal-hybrid batteries.

Since they were first commercialized in 1991 by the Sony Corporation, lithium ion
batteries have become the most favourable power source for applications ranging
from portable devices to electric vehicles, due to their intrinsically higher gravimetric
and volumetric energy density. It is still very much necessary, however to improve the
lithium system to give it higher gravimetric energy density compared to the current
lithium storage devices in practical use. Another issue of lithium ion batteries that has
to be faced is their safety, namely, their thermal stability, which could result in
significant consequences in a vehicle battery pack.

Most state-of-the-art research and present research projects in the battery field are
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focused on the development of electrode materials, including in the following
directions:

1. Exploring new electrochemically active materials with high energy density
and power density.

2. Developing novel synthesis systems or improving existing synthesis systems
to obtain electrodes with unique structures.

3. Understanding the reaction mechanism and fundamental correlations
between the structure of materials and the electrochemical performance.

4. Improving the electrochemical performance of electrode materials via
various strategies, such as the use of nanostructures, doping, surface coating,
and new electrolyte additives and binders.

5. Fabricating electrodes with macroscopic architectures and designing
desirable cell assembly technology.

In this thesis, the main efforts have been directed to the following aspects:

1. Synthesis of nanostructured materials to shorten lithium ion diffusion paths
and increase active sites and contact area with the electrolyte.

2. Introducing carbonaceous materials, such as amorphous and graphitic carbon,
graphene, and nitrogen-doped graphene, to increase the electronic conductivity,
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hinder the growth of particles, provide buffers for the volume expansion and
extraction of the active material, and maintain the structural integrity.

3. Fabricating electrode materials with desirable morphologies and structures to
enhance their electrochemical properties.

A brief overview of the chapters in the thesis:

Chapter 2 presents a literature review on lithium ion batteries, including the history of
batteries, various anode and cathode materials, working mechanisms of lithium ion
batteries, and the challenges and prospects for future development. The experimental
procedures, chemicals used, and synthesis methods, as well as the physical and
electrochemical characterization measurement techniques are presented in Chapter 3.

Chapters 4 and 5 investigate the effects of nitrogen-doped graphene on the
electrochemical properties of cobalt dioxide and titanium dioxide, respectively. In
Chapter 4, ultra-fine cobalt oxide nanocrystals homogeneously attached to
nitrogen-doped reduced graphene oxide were prepared by the hydrothermal reaction
method. The graphene sheets can effectively hinder the growth of cobalt oxide
particles and accommodate the volume changes of cobalt oxide particles during the
lithium ion insertion/extraction processes. The doped nitrogen on the reduced
graphene oxide can not only improve the conductivity of the graphene sheets, but also
introduce defects to store lithium ions. Anatase TiO2 nanoparticles grown in situ on
nitrogen doped reduced graphene oxide are presented in Chapter 5. The obtained
3

TiO2/N-rGO composite exhibits improved cycling performance and rate capability,
indicating the important role of reduced graphene oxide, which not only facilitates the
formation of uniformly distributed TiO2 nanocrystals, but also increases the electrical
conductivity of the composite material. The nitrogen doping combined with the
unique structural features is proved to be a promising strategy for the development of
electrode materials for lithium ion batteries with high electrochemical performance.

Chapters 6, 7, and 8 investigate germanium-based anode materials. In Chapter 6, a
novel germanium-carbon composite, consisting of hollow carbon spheres with
encapsulated germanium (Ge@HCS), was studied, which was synthesized by
introducing germanium precursor into the porous-structured hollow carbon spheres.
The voids and vacancies that are formed after the reduction of germanium dioxide to
germanium provide free space for accommodating the volume changes during
discharging/charging processes, thus preventing pulverization. The obtained
Ge@HCS composite exhibits excellent lithium storage performance, as revealed by
electrochemical evaluation. In Chapter 7, a sandwich-structured C/Ge/graphene
composite with germanium nanoparticles trapped between graphene sheets was
prepared by microwave-assisted solvothermal reaction followed by carbon coating
and thermal reduction. The synergy between the graphene sheets and the
carbon-coated layer can form an effective buffer to accommodate the volume changes
during the lithiation/de-lithiation processes, as well as provide a highly conductive
network. The C/graphene/Ge composite displays a high-rate capability and reversible
specific capacity. In Chapter 8, urchin-like hollow structured Ca2Ge7O16 microspheres
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constructed from nanorods as primary building blocks were successfully synthesized
by a low cost and reliable solvothermal reaction. The compositions of the solvent and
surfactants were found to have a great influence on the structure and morphology of
the Ca2Ge7O16. Analysis of the electrochemical performance in different electrolytes
shows that ethylene carbonate/dimethyl carbonate/diethyl carbonate (3/4/3 by volume)
with 5 wt% fluoroethylene carbonate additive is the most suitable solvent for the
electrolyte. The electrochemical performance of these urchin-like Ca2Ge7O16
hierarchical hollow microspheres was evaluated, and the electrode containing them
showed high reversible specific capacity of up to 804 mA h g-1 at a current density of
100 mA g-1 after 100 cycles and remarkable rate capability of 341 mA h g-1 at a
current density of 4 A g-1.
Chapter 9 is a study of lithium iron phosphate as a cathode material for lithium ion
batteries. Lithium iron phosphate composite was synthesized through the
microwave-assisted hydrothermal method. A three-dimensional conductive carbon
network, consisting of both amorphous and graphitic carbon, was formed around the
lithium iron phosphate to improve the electronic conductivity of the material. A
strategy of molybdenum doping into the lattice of lithium iron phosphate was also
applied to optimize the electrochemical performance.

Chapter 10 gives the general conclusion of this thesis. The outlook for future research
is also discussed.
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2 LITERATURE REVIEW
2.1 Lithium ion batteries

Constantly increasing non-carbon energy consumption is a necessity for maintaining
rapid economic growth while avoiding the environmental pollution and global
warming caused by excessive consumption of fossil fuels, including natural gas. In
order to preserve the environment and reduce emissions of carbon dioxide, clean
energy sources, such as solar radiation, wave energy, and wind energy, have been
promoted for development as alternative energy sources. These kinds of energy
sources, however, are variable, unreliable, and spatially diffuse, so that they require
high efficiency energy storage systems due to the intermittent nature of their energy
generation. [1] The storage units need an electricity grid, electromagnetic waves, or
chemical energy, which are inconvenient and un-portable for electronic devices. On
the other hand, electrochemical systems, including batteries and supercapacitors, can
store and deliver energy efficiently. Electrochemical systems can provide high power
quality and load levelling of the electrical grid in integrated systems. [2] Lithium ion
batteries, one such system, were developed on the basis of extensive knowledge of the
intercalation chemistry accumulated by inorganic and solid-state chemists in the
1970s. [3-5] Lithium is the most electropositive (-3.04 V vs. standard hydrogen
potential, SHE) and the lightest metal (equivalent weight M = 6.94 g mol-1, and
specific gravity ρ = 0.53 g cm-3). Therefore, compared to the conventional batteries,
such as lead-acid batteries and nickel-metal hydride, lithium ion batteries have higher
1

energy density. Furthermore, lithium ion batteries have high power density, low
self-discharge rate, and no memory effect, which has promoted their extensive
development during the last two decades. [6]

There are some issues, however, including cost, safety, charge/discharge rates, and
service life, that plague the development of lithium ion batteries for the use in hybrid
electric vehicles and full electric vehicles. To satisfy expanding demands for portable
electronic devices, high capacity, long service life, and high safety are required for the
development of lithium ion batteries.

Figure 2.1 Comparison of the different battery technologies in terms of volumetric
and gravimetric energy density. [6]

2

2.1.1 History

The first generation electrochemical cells were discovered by Luigi Galvani in the
1790s and Alessandro Volta in the 1800s. Galvani believed that animals could
generate electricity, and Volta claimed that electricity could be produced from a
“voltaic pile”. Both theories involved two different metals, such as zinc, silver, and
copper. [7] In 1866, Georges-Lionel Leclanché put forward his cell concept, in which
the cell contains a zinc rod as anode, a manganese oxide-carbon mixture as cathode,
and aqueous ammonium chloride as electrolyte to form a battery. Leclanché’s
discovery promoted the development of the primary batteries commonly known as
carbon-zinc and alkaline cells. At the same time, the first rechargeable battery, the
lead-acid battery, was invented by Gaston Plantè in 1859. When the battery evolution
went on to the twentieth century, several types of rechargeable battery were
discovered, including the nickel-cadmium battery by the Swedish engineer Waldmar
Jungner in 1901, the nickel-iron battery by Thomas Edison in 1901, and the
nickel-metal hydride battery in 1975.

In order to increase the energy density, battery development moved from zinc-based
to lithium-based due to its electrochemical equivalent, the highest among all metals,
and high theoretical specific capacity. In the 1970s, the lithium battery was developed,
driven by the expanding demand for electrical devices, such as watches, calculator,
and cameras. The commercial lithium battery used manganese dioxide as cathode and
was fabricated in a coin-type cell version which was well suited to electrical devices.
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A breakthrough was obtained by the concept of so-called electrochemical intercalation.
It was found that transition metal compounds, such as titanium sulfide, can exchange
lithium ions across the layered structure. In 1972, Exxon embarked on a large project
to develop the TiS2-Li battery, using lithium perchlorate in dioxolane as the
electrolyte. [5, 8] This battery system faced operational faults, however, caused by the
uneven (dendritic) lithium deposition, which prevented long and safe operation. In
1980, Goodenough discovered the family of LixMO2 (M = Co, Ni, Mn) compounds as
cathode materials, which can be regarded as “lithium sources” to provide lithium ions
to the negative intercalation electrode acting as a “lithium sink”. [9] The battery
system concept where lithium ions can transfer between the two intercalation
electrodes was called the lithium rocking chair battery. The concept was utilized for
practical application of graphite/LiCoO2 by Sony in 1991, and this new type of battery
renamed as the lithium ion battery, which had a strongly impact on the battery
community all over the world due to the high operating voltage.

2.1.2 Basics of Operation

Batteries consist of several individual electrochemical cells, which are interconnected
in parallel form or series form. The cells come in different shapes, such as coin,
polymer, cylindrical, and prismatic, as well as thin and flat (as shown in Figure 2.2).
[10] They are basically composed of two lithium insertion materials (one for the
cathode electrode, and the other one for the anode electrode), electrolyte, and a porous
polymer separator in an electrochemical cell. The cathode materials generally are
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layered oxide, polyanion, or spinel. The anode materials are carbon, metal, or metal
oxide. The electrolyte is typically a mixture of non-aqueous organic carbonates
containing lithium salts. The separator is placed between the two electrodes with
pores allowing the ions to pass through. In addition, copper and aluminum are chosen
to be the current collectors for the anode and cathode, respectively, due to their good
conductivity and inertness to electrochemical reaction on the electrodes.

Figure 2. 2 Three different types of commercially available cells for lithium ion
batteries: cylindrical (a, d), prismatic (b, e), and polymer (c, f, g) cells. The assembly
of the cathode, separator, and anode is wound (f) or stacked (g) in a pouch for
polymer type cells. [10]
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A typical lithium ion battery stores electrical energy in the two electrodes. Taking the
commercial graphite/LiCoO2 battery for example, lithium ions are transferred from
the cathode to the anode when a lithium ion battery is charged, accompanied by a
release of electrical energy as electrons pass through the external electrical circuit.
The process is reversed after discharge. The main cell reactions are reversible
intercalation/de-intercalation cycles of the lithium ions as they move between the two
layered electrode materials. The corresponding schematic illustration of the
mechanism of operation of a lithium ion battery is shown in Figure 2.3. The reaction
mechanism can be derived as follows:

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝐶6 + 𝑥𝐿𝑖 + + 𝑥𝑒 −

Anode:

𝐿𝑖𝑥 𝐶6 →

Cathode:

𝐿𝑖1−𝑥 𝑀𝑂2 + 𝑥𝐿𝑖 + + 𝑥𝑒 − →

Overall:

𝐿𝑖1−𝑥 𝑀𝑂2 + 𝐿𝑖𝑥 𝐶6 →

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
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(2.1)

𝐿𝑖𝑀𝑂2

𝐶6 + 𝐿𝑖𝑀𝑂2

(2.2)

(2.3)

Figure 2.3 Schematic illustration of a rechargeable lithium ion battery. [11]

2.1.3 Basics Concepts

The basic concepts, definitions, and theories to evaluate the electrochemical reactions
of lithium ion batteries are discussed below:

Open circuit voltage (VOC)
VOC is the voltage measured across the terminals of a cell without any external current
flow. It is determined by the difference in the electrochemical potential between the
anode and the cathode.
𝑉𝑂𝐶 = (𝜇𝐴 − 𝜇𝐶 )/(−𝑛𝐹)

(2.4)
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Where 𝜇𝐴 is the electrochemical potential of the anode; 𝜇𝐶 is the electrochemical
potential of the cathode; n is the number of electrons involved in the chemical
reaction; F is the Faraday constant (96485 C mol-1).

Operating voltage is described as
𝑉 = 𝑉𝑂𝐶 − 𝐼𝑅

(2.5)

Where I is the working current in the circuit; R is the internal resistance of the cell.

Capacity (Q)
Q (A h) is the total amount of charge involved in a redox reaction during
charge/discharge processes in a cell.
𝑡2

𝑄 = ∫𝑡1 𝐼(𝑡)𝑑𝑡 = 𝑛𝑧𝐹

(2.6)

Where I(t) is the current; t is the time; n is the number of ions (mol); z is the valence
of the ions; F is the Faraday constant.

Specific capacity (𝑄𝑆 )
𝑄𝑆 is the gravimetric specific capacity calculated based on the weight of the active
material (A h kg-1) or the volumetric specific capacity (A h L-1) calculated based on
the volume.

Irreversible capacity is the difference between the charge capacity and the discharge
capacity at the 𝑛𝑡ℎ cycle.

Coulombic efficiency (𝜂𝑒 )
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𝜂𝑒 is the ratio of the charge capacity to the discharge capacity at the 𝑛𝑡ℎ cycle. It is
used to evaluate the cycling stability of the cell.
𝜂𝑒 =

𝑛𝑡ℎ 𝑄𝑑

(2.7)

𝑛𝑡ℎ 𝑄𝑐

Where 𝑄𝑑 is discharge capacity; 𝑄𝑐 is charge capacity.

Energy density is evaluated in both gravimetric (W h Kg-1) and volumetric (W h L-1)
terms. It is used to compare the energy content between cells.

Power density is evaluated in both gravimetric (W Kg-1) and volumetric (W L-1) terms.
It is used to determine the rate capability of the cell.

Charge/discharge rate (C-rate) denotes either the theoretical charge capacity or the
nominal capacity of the cell to estimate how fast lithium ions can be transferred.

2.1.4 Remaining challenges

Safety is the main issue for the lithium ion battery. Many fires and explosions of
lithium ion batteries have been reported around the world. It is commonly believed
that the fire and explosion accidents are related to the charge/discharge rate, the
flammability of the electrolyte, and the pack engineering of the batteries. [1, 12]
Many approaches have been proposed with the aim of reducing safety hazards, such
as electrolyte additives to build up a stable solid electrolyte interphase (SEI),
modifying the anode materials, applying a surface film coating on the anode, new
electrolyte with a wider and more stable working window, and using a solvent-free
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solid membrane or/and solid polymer electrolyte in conjunction with ceramic
stiffening additives.

The path to lower costs for lithium ion batteries with high performance is also a tough
route for large-scale applications such as power grid storage and electric vehicles.
Less expensive lithium ion batteries do not have good cycle life or thermal
performance. [2] It is urgent to develop low-cost electrode materials to solve this
problem.

The energy density depends on the intrinsic properties of the electrode material. Light
weight and long lifetime are two significant factors in improving the energy density of
lithium ion batteries. To improve the energy density, solutions involve increasing the
potential between the cathode and anode, decreasing the mass of electrode material
per exchange electron, using electrode materials with high specific capacity, and
increasing the packing density of electrode materials.

Power density indicates the capability of the battery for fast recharging, which can be
improved by enhancing the rate capability of the electrode materials. The determining
step for the rate in lithium insertion/extraction processes is the lithium ion diffusion
into and out of the structures of the materials. Therefore, using nanostructured
morphologies can improve the kinetics by reducing the diffusion distance for the
lithium ion. The large surface-to-volume ratio, however, results in an increased
electrochemically active surface, and thus lower current density compared to the
conventional material with the same geometrical surface. The volumetric energy
10

density of nanostructured materials with large surface area is depressed by their low
tap density.

2.2 Anode materials

The anode and cathode materials presently used and under consideration for the next
generation of lithium ion batteries are shown in Figure 2.4. [6] To improve the power
density and energy density of lithium ion batteries, anode materials with a high
lithium ion diffusion rate and large capacity are required. Promising materials,
including carbonaceous materials, transition metal oxides, metal sulphides, silicon, tin,
germanium, and titanium oxides, have been developed as anode materials of lithium
ion batteries.

Figure 2. 4 Voltage versus capacity for cathode and anode electrode materials
presently used or under serious consideration for the next generation of rechargeable
Li-based cells. [6]
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2.2.1 Carbonaceous materials

Graphite is the most commonly used commercial anode material for lithium ion
batteries due to its low cost, flat and low working potential, and long cycle life. The
lithium ions intercalate or de-intercalate between the graphitic layers at about 0.1 V
(vs. Li+/Li), forming LiC6 compound, which is close to the plating voltage of metallic
lithium. The theoretical charge capacity of graphite is 372 mA h g-1. The diffusion
coefficient of lithium ions in graphite is less than 10-6 cm2 s-1, however, resulting in a
low power density. [13] In order to create more sites or space for lithium storage,
carbonaceous materials with different structures, such as one-dimensional,
two-dimensional, and porous carbon materials, have been developed to increase the
power and energy densities.

2.2.1.1 One-dimensional carbon

One-dimensional carbon materials, such as fibers, wires, and carbon nanotubes
(CNTs), have high surface activity and high surface-to-volume ratios, which can
provide high electrochemical performance for lithium ion batteries. In particular, it is
reported that lithium ions can intercalate between the pseudo-graphitic layers of CNTs.
Furthermore, a strain on the planar bonds of the carbon hexagon can be imposed by
the small diameters of CNTs, which can lead to the delocalization of electrons and
result in a more electronegative structure compared to the regular carbon sheets.
Therefore, the reversible capacity of CNT-based anode material can reach about 500
mA h g-1. [14]
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2.2.1.2 Two-dimensional carbon

Graphene consists of planar monolayers of sp2-bonded carbon atoms packed into a
two-dimensional honeycomb lattice. It is now expected to be an advanced anode
material in lithium ion batteries due to its superior electrical conductivity, high
surface-to-volume ratio, ultrathin thickness, structural flexibility, and chemical
stability. [15-17] It has been demonstrated that graphene-based anode materials have
large initial discharge capacities (600-2042 mA h g-1) and reversible capacities
(540-1264 mA h g-1), although they suffer from low initial coulombic efficiency, large
irreversible capacity, and fast capacity fading. [18-19]

Furthermore, graphene can also be used in composites with metallic or oxide
nanoparticles to improve the electrochemical performance of these particles, because
the ultrathin flexible graphene layers can not only provide a support for anchoring
well-dispersed nanoparticles and work as a highly conductive matrix for enabling
good contact between them, [19-21] but also can effectively prevent the volume
expansion/contraction

and

aggregation

of

nanoparticles

during

lithium

charge/discharge processes. The attachment of nanoparticles on and/or between
graphene sheets can effectively reduce the degree of restacking of graphene sheets
and consequently, maintain their high active surface area and increase the specific
capacity and cycling performance of graphene-based composites to some extent.
Moreover, graphene layers can effectively hinder severe aggregation of nanoparticles
in the process of lithium ion charge/discharge. [15, 22] Graphene-based electrode
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materials have attracted considerable interest in terms of improving the rate capacity
and enhancing the cycling performance because of their high electrical conductivity
and surface area, broad electrochemical window, and chemical tolerance. [19, 23]
Such materials include Co3O4/graphene composites, [22, 24] SnO2/graphene
nanoporous composites, [19] MnO/graphene nanosheet hybrid composite, [25] and
Li4Ti5O12/graphene composite. [26]

Chemical doping with foreign atoms is an effective strategy to modify materials
intrinsically by tailoring their electronic properties, manipulating their surface
chemistry, and producing local changes in the elemental composition of the host
materials. [27] For carbon materials, chemical doping is also a leading potential
method to enrich free-charge-carrier densities and increase the electrical or thermal
conductivity. [28] Recent studies have devoted significant efforts to chemical doping
of graphene. [29-30] Theoretical investigations of metal-doped graphene have
predicted the possibility of a Fermi level shift and a crossover from p-type to n-type.

Among the numerous potential dopants, nitrogen is considered to be an excellent
element for chemical doping of carbon materials because of its comparable atomic
size and because each nitrogen atom contains five valence electrons, which are
available to form strong valence bonds with carbon atoms. [31] In a previous work,
nitrogen doping was successfully employed to modify the structural or electrical
properties of carbon nanotubes. For instance, nitrogen doping can increase the
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metallic behaviour, affect the lattice alignment, and regulate the growth mechanism of
the carbon nanotubes. [32-33]

Extensive studies show that nitrogen-doped graphene is a promising anode material
for lithium ion batteries, because of the stronger electronegativity of nitrogen
compared to carbon, and the hybridization between the nitrogen lone pair electrons
and the graphene π system. [34-36] The electron deficiency means that the
defect-containing graphenes after nitrogen doping have an electron-accepting
tendency in the pyridinic and pyrrolic structures. [37] This evidence shows that
nitrogen-doped graphene sheets have better efficiency in terms of enhancing the
interaction between the lithium atoms and the graphene surface compared to
defect-free graphene sheets. Therefore, these synergic effects of nitrogen-doped
graphene and metal or metal oxide nanoparticles lead to increased lithium storage
capacities, improved cycling performance, and good rate capability of the composites.
2.2.1.3 Porous carbon
Porous carbons, including macroporous carbon (pore size > 50 nm), mesoporous
carbon (pore size between 2 nm and 50 nm), and microporous carbon (pore size < 2
nm), are promising anode materials due to their open pore structures and high surface
areas. In the three types of porous carbons, microporous carbons have been
demonstrated to deliver higher capacities than the graphitic carbons. [38] Mesoporous
carbons and ordered mesoporous carbon have also been used as anode materials for
lithium ion batteries. [39-40]
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2.2.2 Alloys
In recent decades, lithium alloying reactions with a number of metallic or
semi-metallic elements in Groups IV and V have been widely investigated. Figure 2.5
shows the crystal structures and capacities of elements in Group IV. [41] Some of the
alloy elements have been commercialized since 1997 by the Fuji Company. [42]
Although those alloying materials can provide higher specific capacities than graphite,
moderate operation potential, and good safety, they suffer from large volume changes
during alloying/de-alloying processes and a large irreversible capacity at the initial
cycle. The large volume change causes severe pulverization of the electrode materials
and therefore a loss of the electrical contact with the current collectors, leading to
poor capacity stability. To preserve the structural integrity, several strategies have
been applied as follows:

(1) Nanostructures. Synthesis of nanostructures can reduce the stress and strain
produced in alloying/de-alloying processes, shorten the diffusion distance of
lithium ions, increase the contact area with electrolyte, and provide the
reaction sites for lithium ion storage.
(2) Carbonaceous material. Introducing carbonaceous materials in the process of
synthesis can not only increase the electrical conductivity of the electrode and
buffer the volume changes of the alloying materials in the carbon matrix, but
also prevent the aggregation of particles during the charge/discharge
processes.
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(3) Electrochemically active phase. Introducing an electrochemically active phase
can absorb the volume expansion or extraction by forming an electroplated
multiphase. [14]

Figure 2. 5 Crystal structures and capacities of elements in Group IV. [41]
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2.2.2.1 Silicon

Silicon is the most popular anode materials since it is abundant, cheap, and
environmentally friendly, featuring the highest gravimetric and volumetric capacity
(theoretical specific capacity of 4200 mA h g-1). Electrochemical reactions in silicon
alloying can form intermetallic compounds such as Li12Si7, Li7Si3, Li13Si4, and Li22Si5,
which can be differentiated by their voltage profiles. The reaction mechanism can be
explained as follows: [43-45]

During the discharge process:

𝑆𝑖 (𝑐𝑦𝑟𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒) + 𝑥𝐿𝑖 + + 𝑥𝑒 −
→ 𝐿𝑖𝑥 𝑆𝑖 (𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + (3.75 − 𝑥)𝐿𝑖 + + (3.75 − 𝑥)𝑒 −

(2.8)

→ 𝐿𝑖15 𝑆𝑖4 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)

(2.9)

During the charge process:

𝐿𝑖15 𝑆𝑖4 (𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒) → 𝑆𝑖 (𝑎𝑚𝑝𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + 𝑦𝐿𝑖 + + 𝑦𝑒 − → 𝐿𝑖15 𝑆𝑖4 (𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙)
(2.10)

2.2.2.2 Tin

Electrochemical reactions of tin with lithium alloying can form different Li-Sn line
phases, including Li2Sn5, LiSn, Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2, and Li22Sn5. The
theoretical specific capacity of Li22Sn5 (4.2 atoms of lithium alloying with tin) is 960
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mA h g-1, with an operation potential of 0.5 V (vs. Li/Li+). The high volumetric
capacity (about 2000 mA h cm-3) makes tin an attractive anode material, although it
has less gravimetric capacity compared to silicon.

2.2.2.3 Germanium

Germanium can deliver a relatively high theoretical capacity of 1568 mA h g-1 (4.2
atoms of lithium alloying with germanium). Although germanium has only 44% of the
gravimetric capacity of silicon, its volumetric capacity is 7366 mA h cm-3, which is
similar to that of silicon (8334 mA h cm-3). [46-47] Moreover, the diffusivity of
lithium ions in germanium is two orders of magnitude higher than that of silicon, thus
providing a high rate capability. The transport of electrons in germanium is much
faster than in silicon, because of the approximately four orders of magnitude higher
electrical conductivity. Recently, Paik reported that the total energy of the germanium
electrode can be dramatically decreased by lithium ions due to their high adsorption
energy on the germanium surface. [39] The good electrochemical kinetics makes
germanium an excellent candidate for application as anode material with high energy
and power density.

Two distinct potential plateaus can be observed in the process of lithium alloying,
indicating the phase transformation into lithiated germanium intermetallic phases. The
reaction mechanism of the three-step reactions of germanium with lithium can be
explained as follows: [48]
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𝐺𝑒 → 𝐿𝑖9 𝐺𝑒4 → 𝐿𝑖7 𝐺𝑒2 → 𝐿𝑖15 𝐺𝑒4 + 𝐿𝑖22 𝐺𝑒5

(2.11)

The volume change reaches about 300% during lithiation/de-lithiation processes,
resulting in the cracking and pulverization of the material, and thus the loss of
electrical contact. Similar strategies to those used for silicon and tin were applied to
improve the reversible capacity and cycling stability of germanium electrode
materials. Synthesis of nanostructured germanium (nanoparticles, [49] nanowires, [46,
50-52] and nanotubes, [14, 53]) in a carbonaceous matrix is the most promising way
to enhance the electrochemical performance. For example, germanium encapsulated
between graphene and carbon layers obtained via a microwave-assisted solvothermal
reaction and thermal reduction treatment exhibited stable cycling performance and
excellent rate capability.[54] Nanostructured C-Ge/C was found to show exceptionally
good capacity retention (95% after 50 cycles) and high rate capability (480 mAh g-1 at
40 C) because the unique nanostructure provides high electronic conductivity via the
interconnected carbon shell network.[55] Ge@C transformed from hollow GeO2
nanostructured precursor showed 100% capacity retention at 0.2 C after 200
cycles.[56] This promising electrochemical performance can be attributed to the
shortened lithium diffusion distance, increased electrical conductivity, relaxed
mechanical strain, and restraint of volume change. This approach can confine the
germanium nanoparticles within carbon shells which are interconnected with
neighboring particles to form a mixed network. This kind of network is electrically
conductive, allowing more lithium ion storage. Binary germanium compounds, such
as germanium dioxide and germanium disulfide, were also studied as anode materials
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but showed exhibit relatively low specific capacities. Nevertheless GeO2 delivered a
high capacity of 1860 mAh g-1 at 1 C due to the catalytic effect of germanium. [56]

Furthermore, germanates are also interesting anode materials for lithium ion batteries.
These materials can be regard as composites of metal oxides and germanium dioxide.
The metal oxide can buffer the large volume changes in the germanium nanoparticles
formed in situ during the charge/discharge process. Besides, germanate can cut the
application cost compared germanium, because the in situ formed metal oxides are
cheap and environmentally friendly. [57] Among these germanates, Ca2Ge7O16 is
considered a promising candidate anode material due to its relatively high reversible
capacity of 990 mA h g-1. Further study of Ca2Ge7O16 with a hierarchical structure
could yield stable cycling performance to satisfy the requirements of lithium-ion
battery application.

2.2.3 Metal oxides
Compared to graphite, metal oxides have received extensive attention because they
provide a two times higher capacity and higher potential. Based on the reaction
mechanism, metal-oxide-based anodes can be typically classified into three groups
based on their reaction mechanism: (1) the conversion reaction mechanism involving
the reduction and oxidation of metal nanoparticles accompanied by the formation and
decomposition of Li2O:
𝑀𝑥 𝑂𝑦 + 2𝑦𝐿𝑖 + + 2𝑦𝑒 − ↔ 𝑥[𝑀]0 + 𝑦𝐿𝑖2 𝑂;
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(2.12)

(2) the lithium ion insertion/extraction reaction mechanism involving the insertion and
extraction of lithium ions into and from the lattice of metal oxides:
𝑀𝑂𝑥 + 𝑦𝐿𝑖 + + 𝑦𝑒 − ↔ 𝐿𝑖𝑦 𝑀𝑂𝑥 ;

(2.13)

(3) the Li-alloy reaction mechanism:
𝑀𝑥 𝑂𝑦 + 2𝑦𝑒 − + 2𝑦𝐿𝑖 + → 𝑥[𝑀]0 + 𝑦𝐿𝑖2 𝑂
𝑀 + 𝑧𝑒 − + 𝑧𝐿𝑖 + ↔ 𝐿𝑖𝑧 𝑀.

(2.14)
(2.15)

2.2.3.1 Conversion reaction mechanism

In 2000, Poizot first reported electrode materials consisting of transition-metal oxide
(MO, where M is cobalt, copper, iron, or nickel) nanoparticles, which inhibited high
capacities of 700 mA h g-1 with excellent capacity retention and rate capability.

Among these electrode material candidates, Co3O4 has received intensive interest due
to its high theoretical capacity and promising potential. In 2000, Poizot et al. reported
that electrodes made of nanoparticles of transition-metal oxides (MO, where M is Co,
Ni, Cu, or Fe) had demonstrated electrochemical capacities of 700 mAh g-1, with 100%
capacity retention for up to 100 cycles and high recharging rates. The mechanism of
Li reactivity differs from the classical Li insertion/deinsertion or Li-alloying processes,
and involves the formation and decomposition of Li2O, accompanying the reduction
and oxidation of metal nanoparticles, respectively. [58] One mole of Co3O4 can react
with eight moles of Li ions through the conversion reaction as follows:

𝐶𝑜3 𝑂4 + 8𝐿𝑖 + + 8𝑒 − ↔ 4𝐿𝑖2 𝑂 + 3𝐶𝑜

(2.16)
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Following this reaction, Co3O4 can theoretically deliver high capacity, as much as
895.5 mA h g-1, which is two times higher than that of graphite (327 mA h g-1).
Nevertheless, there are several problems that need to be addressed before successful
commercialization. First, the huge volume change in the metal oxides during the
charge/discharge process results in particle isolation and therefore, electrical isolation.
The large volume change causes the electrode material particles to be separated from
each other, which causes the loss of electrical connectivity between particles. [59-62]
Second, the insulating Li2O formed during the conversion reaction may result in
electrical isolation of the electrode materials. When the electrode is not prepared with
the proper nanosize and morphology, this can significantly affect the electrochemical
performance during cycling. Third, the conversion reaction of metal oxides may
suffer from sluggish kinetics, unlike the intercalation reaction, in which the host
structure is maintained. The conversion reaction requires complete structural
reorganization of lattices during the electrochemical reactions. [63] Therefore, its
large irreversible capacity loss and poor cycling stability have restricted its general
application. It is well accepted that an electrode with the proper nanosize distribution
could reduce the path length of lithium ion transport and improve electrolyte
penetration because of the large contact area between the electrode and electrolyte,
which greatly contributes to the electrochemical performance during cycling. [22,
64-65] A strategy has been utilized to circumvent the volume change and aggregation
problems by hybridizing with conducting matrices, such as amorphous carbon
coatings [65] or carbon nanotubes, [66] which could interlink Co3O4 particles to
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improve their electrochemical performance. The conductive network (such as
graphene) has come into wide use as an effective matrix to improve the
electrochemical performance of electrode materials by providing rapid access for
electrons and allowing good transportation of lithium from the active material and
electrolyte. [15, 19-20]

Figure 2. 6 Crystal structure of Co3O4. [67]

2.2.3.2 Li insertion/extraction reaction mechanism

Anode materials based on titanium oxides are promising candidates as alternative
materials to carbonaceous anodes due to their advantages in terms of cost, safety, and
toxicity. [68-70] TiO2 is a typical metal oxide that follows the Li insertion/extraction
reaction mechanism There are eight polymorphs of TiO2 reported, including rutile,
anatase, brookite, TiO2-B (bronze), TiO2-R (ramsdellite), TiO2-H (hollandite), TiO2-II
24

(columbite) and TiO2-III (baddeleyite). [71-74] Among the TiO2 polymorphs, rutile,
anatase, brookite, and TiO2-B have been reported for lithium electrochemical
reactivity, and anatase is widely considered to be the most electroactive host for
lithium ion insertion. [72]

The electrochemical process in TiO2 involves the insertion/extraction reaction of
lithium, which occurs in the potential range of 1.4-1.8 V vs. the Li/Li+ redox couple,
according to the following reaction:

𝑥𝐿𝑖 + 𝑇𝑖𝑂2 ↔ 𝐿𝑖𝑥 𝑇𝑖𝑂2

(2.17)

with a maximum Li content of x = 0.5, with the specific capacity of 165 mA h g−1.
Compared with graphite with a working potential below 0.2 V vs. Li/Li+, the
relatively high operating potential improves the safety and long-term stability of the
lithium ion cell and promotes the formation of SEI. In the process of lithium ion
insertion, the symmetry of the anatase unit cell decreases, and the original I41/and
symmetry is transformed into the orthorhombic Pmn21 space group due to loss of
symmetry in the y direction when x = 0.5 (Li0.5TiO2). [75] The change in symmetry is
accompanied by a decrease in the unit cell parameter along the c-axis and an increase
along the b-axis, resulting in a net increase of ∼4% in the unit cell volume and a rapid
capacity fade. [76] In addition, the sluggish lithium ion diffusion and low electronic
conductivity (~ 10-13 S cm-1) of TiO2 are obstacles to its practical application in
devices that require higher power output. Therefore, structural refinement of
nanostructures (such as nanosheets, [77] nanoribbons, [78] nanotubes, [79] and
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nanowires, [80]) is widely applied to improve the lithium intercalation properties
because of the shortened lithium ion diffusion distance and electronic transport paths
owing to the large surface to volume ratio, so that lithium transport is increased
between the electrode and electrolyte. [76-81] Another problem arising from the
nanosized dimensions, however, is the strong tendency towards aggregation of the
TiO2 nanoparticles. Therefore, introducing a conductive agent in the synthesis process
has studied to solve this obstacle, as well as increasing the conductivity of TiO2.

(1) Carbon coating. Better cycling stability and high rate capacity could be achieved
with coated materials, and the TiO2 crystallite growth is strongly reduced due to the
presence of a carbon shell. [1, 20, 82]

(2) Metal coating (e.g., Sn or Cu layer). [83] New metal–anatase composite electrodes
show improved kinetics for the Li insertion–extraction reactions and excellent
electrochemical performance in terms of capacity, stability, and fast cycling. The
surface modification leads to a significant enhancement in the electrochemical
performance in terms of higher reversible capacity, less polarization, lower
irreversible capacity during the first cycle, and higher high rate performances.

(3) Conductive network (such as RuO2, Ag nanoparticles, graphene). [84-85] This
type of nanosized network resulted in negligible diffusion times, enhanced local
conductivity, produced faster phase transformation reactions, and hence appeared to
be the key to the good power performance of the material.
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Figure 2. 7 (a) Rutile, (b) anatase, (c) brookite, and (d) bronze(B) TiO2. [70]

2.2.3.3 Li-alloy reaction mechanism

Tin-based oxide is the most common metal oxide involved in the mechanism of
Li-alloy reaction. On the first charge, SnO2 follows the conversion reaction
mechanism, forming metallic tin and Li2O. Then, the tin is continually charged to
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form Li-Sn with lithium up to the theoretical limit of Li4.4Sn, corresponding to a
theoretical capacity of 782 mA h g-1. [42, 58, 86] Nevertheless, the thus formed
nanosized tin particles have a tendency towards aggregation. In addition, SnO2 suffers
from

severe

volume

changes

of

more

than

300%

during

the

lithium

alloying/de-alloying process, resulting in the pulverization of the electrode. These two
main problems cause fast deterioration in the reversible capacity. To address the
severe capacity fading, some strategies have been put forward, including synthesis of
nanostructured SnO2, [87] porous SnO2, [88] and nanosized SnO2 thin film. [89]

2.2.4 Metal sulfides

Metal sulfides have stood out as electrode materials for lithium ion batteries due to
their high electrical conductivity and reversible capacity, unique chemical and
physical properties, and excellent thermal stability. [90-92] Some metal sulfides of the
form MS2 (where M is cobalt, copper, iron, nickel, or titanium) have been investigated
as cathode materials, [93-94] whereas other MS2 compounds (where M is
molybdenum, tantalum, niobium, or gallium) have been studied as conversion
reaction anode materials. [14, 93, 95] MoS2 is the most common candidate anode
material among the metal sulfides. The weak van der Waals interaction between the
MoS2 layers promotes diffusion of lithium ions without a significant volume change.
[96] During the discharge process, lithium ions intercalate into the van der Waals gap,
accompanied by the reduction of Mo4+ to Mo3+. MoS2 can be classified into three
types: 2H- MoS2, 3R- MoS2, and 1T- MoS2, which are shown in Figure 2.8. Many
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efforts have been devoted to synthesizing the MoS2 with (002) crystal planes to
facilitate the lithium ion diffusion by solvothermal synthesis or ultrasonication
treatment. [91, 97] In addition, a hierarchical structure is applied in the synthesis of
MoS2 to enhance the robustness, which can buffer the mechanical strain during the
insertion/extraction process of lithium ions, as well as endowing them with a high
active surface area and contact interface. [95] Moreover, hybridization treatments are
applied to introduce carbonaceous materials, such as porous carbon matrix, CNT, and
graphene, for the purpose of increase the electrical conductivity. [98-100]

Figure 2.8 Molecular models of (a) 2H–MoS2, (b) lithiated 2H–MoS2, and (c)
lithiated 1T–MoS2, showing lithium ions occupying octahedral interstices. (d) 3R–
MoS2, and (e) Li2S. [90]
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2.3 Cathode materials
Although cathode materials are less developed than anode materials, cathode
materials have attracted much attention since they determine the initial capacity of a
battery and play important roles in the safety, reversible capacity, cycle life, and
fading resistance. [101] There are two categories of cathode material: layered
compounds with an anion close-packed lattice (such as LiCoO2, LiMn2O4, and LiTiS2)
and other compounds with more open structures (transition metal phosphates,
manganese oxides, and vanadium oxides). The most commonly used cathode material
for lithium ion batteries is LiCoO2 Several other materials, including lithium nickel
manganese cobalt, [102] lithium nickel manganese oxide, [103] lithium manganese
spinel, [104] and olivine lithium iron phosphate, are being studied and
commercialized for various applications.

2.3.1 Lithium transition-metal oxides
The most well-known commercialised intercalation cathode materials are LiCoO2,
LiMn2O4, and LiNiO2. [105] LiCoO2 cathodes (3.6 V vs. Li/Li+) power almost all
portable electronic equipment today, and they can reach a practical energy density of
150 W h kg-1 in single cells. [106] The theoretical capacity of LiCoO2 is 273 mA h g-1.
In the system of LixCoO2, composites exhibit high cycling stability when x is between
0 and 0.5. LiCoO2 has been vetoed, however, due to its cost, energy density, safety
concerns (especially when it is used in large size batteries such as in electric vehicle
application), and limited cycling stability (especially at elevated temperatures). [1-2]
As for the LiNiO2 system, LixNiO2 can deliver more specific capacity than LixCoO2,
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because the x factor that indicates the amount of lithium ions involved in the process
of intercalation/de-intercalation can reach 0.55 (corresponding to a capacity of 150
mA h g-1). Compared to LiCoO2 and LiNiO2, LiMn2O4 is more abundant, cheaper,
and less toxicity. The capacity of LiMn2O4 is relatively low, however, since the
intercalation of lithium ions decreased the valence of manganese and thus results in
6.5% volume expansion due to the Jahn-Teller effect, which leads to capacity fade. To
improve the electrochemical performance of the lithium transition metal oxides,
nanostructure are the common approach to increase the electrochemical kinetics by
shortening diffusion distance and enhance the active surface area.

2.3.2 Metal oxide

Metal oxides used as cathode materials include vanadium oxides and manganese
oxides. Manganese dioxide, MnO2, is an interesting electrode material, since it can be
made to act as either anode or cathode by controlling the operation potential. MnO2
cathode material has a high theoretical capacity of 308 mA h g-1. [107-109] Similar to
other metal oxides, MnO2 suffers from poor cycling stability due to the volume
changes during lithiation/de-lithiation processes, as well as aggregation and low
electrical conductivity. Many effort have been devoted to the synthesis of
nanostructured MnO2, [110-111] or to introducing carbonaceous material to act as a
buffer for the volume change, [112] which can also increase the electrical
conductivity and facilitate fast transportation of lithium ions. Guran prepared a
MnO2/graphene sheet composite that delivered a high capacity of 308 mA h g-1 at a
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relatively high current density and exhibited good high rate capability and cycling
performance. [113] There are three types of MnO2 crystals, including α-MnO2,
β-MnO2, and γ-MnO2. β-MnO2 crystals exhibit various morphologies and structures,
such as nanowires, dendritic hierarchical structures, and hexagonal starlike structures.
The electrochemical properties of β-MnO2 are inferior, however, compared to
α-MnO2 and γ-MnO2, due to the low specific capacity and poor cycling performance.
α-MnO2 exhibits favourable electrochemical performance with a relatively high
capacity of 204 mA h g-1 when charged to a voltage of 1.5 V (vs. Li/Li+). Furthermore,
amorphous manganese oxides have also received increasing attention as cathode
materials for lithium-ion batteries.

2.3.3 Lithium transition metal phosphates

In the research on new cathodes, great attention has been paid to materials of the
olivine family, in particular, lithium iron phosphate, LiFePO4, since the pioneering
work of Padhi et al. [114-115] This interest is motivated by the many appealing
features of this compound, which include reasonably high capacity (170 mA h g−1), a
two-phase electrochemical process with a flat 3.5 V vs. Li/Li+ voltage, low cost, and
most significantly, high intrinsic safety (with the strength of the P–O covalent bond
ruling out any risk of oxygen release). [2] In the process of electrochemical lithium
extraction in a lithium cell, the olivine structure of LiFePO4 is reversibly transformed
into FePO4 with a negligible volume change (as shown in Figure 2.9), in the following
reaction:
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𝐿𝑖𝐹𝑒𝑃𝑂4 ↔ 𝐹𝑒𝑃𝑂4 + 𝐿𝑖

(2.18)

Figure 2. 9 The olivine structure is stable during lithium ion insertion and extraction
processes. [116]

The main obstacle to practical applications of LiFePO4 is the slow kinetics of its
lithium ion diffusion coefficient (10-14 to 10-16 cm2 s-1) and the poor electronic
conductivity (< 10-9 s cm-1), which could be attributed to the corner-sharing FeO6
octahedra of LiFePO4 that are separated by the oxygen atoms of the PO3−
4 tetrahedra
and thus cannot form a continuous FeO6 network. [117-118] Many efforts have been
devoted to optimizing the electrochemical performance, which include particle size
manipulation and control, atomic-level doping with supervalent cations, and surface
modification of particles via coating with electronically conductive agents. [119-123]
It is commonly recognized that this goal could be achieved by reducing the particle
size to improve the effective active surface for electrochemical reactions. Smaller size
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means reduced pathways for the transfer of electrons and lithium ions inside and
between the particles. [124] Carbon coating is a common strategy to optimize the
electrochemical performance of cathode materials. The carbon network can restrict
the growth of the LiFePO4 particles and inhibit particle agglomeration, thereby
shortening the diffusion pathway of lithium ions and providing a conductive bridge to
the LiFePO4 particles, which facilitates charge transfer. Wang et al., [125-126]
however, demonstrated that non-continuous and partial carbon layers could not allow
electrons to reach all the positions where lithium ions intercalation/de-intercalation
take place. Therefore, the formation of a sufficient and uniform, or carefully
controlled, carbon layer is essential for excellent electrochemical performance of
LiFePO4. In most cases, the coated conductive layer is amorphous [22, 127] or
semi-graphitic [125] carbon, and cannot cover all of the LiFePO4 particles. [128]

Nevertheless, these approaches do not increase the lattice electronic conductivity or
chemical diffusion coefficient of lithium ions within the crystal. In 2002, Chung et al.
[129] investigated different cation dopants to determine the effects of aliovalent
doping on the electronic conductivity of LiFePO4, which sparked numerous studies
looking at crystallo-chemical modification of LiFePO4. According to the results of
first-principles calculations of the electronic structure, LiFePO4 is a semiconductor
with a small indirect gap of about 0.3 eV and large effective masses of electrons and
holes. Therefore, the highly conductive doped LiFePO4 might to be an extrinsic
p-type semiconductor, whereas the un-doped stoichiometric LiFePO4 may be an
intrinsic semiconductor, which is n-type because its electron mobility is higher than
34

its hole mobility. [129] It is reported, via structural and electrochemical analyses, that
cation doping could favor the phase transformation kinetics during cycling, decrease
the lithium miscibility gap, expand diffusion channels, and introduce controlled
atomic disorder into the ordered olivine structure. [121]
2.4 Summary
A detailed literature survey reveals that nanotechnology is an effective and practically
feasible approach to the fabrication of the electrode materials for high-performance
lithium ion batteries, in view of the high energy and power density of nanomaterials.
Specifically, nanotechnology can lead to lower cost and less materials for a battery
with the same capacity. Furthermore, nanomaterials can provide increased active sites
for electrochemical reaction due to the high specific surface area and shorter diffusion
lengths for lithium ions and electrons, leading to improved rate capability and specific
capacity. Engineering the structure of the nanomaterials is the most popular strategy
to fully realize the electrochemical properties of materials. In particular,
nanostructures such as hollow structures and nanotubes can exhibit many attractive
features as advanced electrode materials for lithium ion batteries, as the volume
changes can be reduced in their empty spaces during the alloying reaction.
Controllable and facile synthesis of nanostructures still remains a great challenge,
however. Also, the correlation between the nanostructures and electrochemical
performance is not fully understood as yet. Therefore, it is necessary to develop
desirable synthetic methods for nanostructures to study their lithium storage
properties. In the following chapters, the growth behaviour of nanostructured
35

materials with some precursors (such as graphene oxide, citric acid, urea, and
hexadecyltrimethylammonium bromide) that act to resist particle growth is presented
in detail. The formation mechanism and electrochemical performance are also studied
and discussed.
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3 EXPERIMENT
3.1 General Procedure

In this thesis, the applied procedures and techniques for the experiments are described
in Figure 3.1. Electrode materials were synthesized using different methods and then
identified by various physical techniques to study the physical and electrochemical
properties. After assembling these materials into coin-type cells, the electrochemical
properties were characterized. The ex-situ technique was utilized to observe the
morphology and structural change after electrochemical cycling.

Figure 3.1 Outline of procedures and techniques used in this thesis.
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3.2 Chemicals

Details of the chemicals used in this thesis are summarized in Table 3.1.

Table 3. 1 List of chemicals used in this thesis.
Name

Formula

Purity

Supplier

1.15 M Lithium

1.15 M LiPF6 in

99.99%

PanaxStarlyte

hexafluorophosphate in

EC/DMC/DEC (3:4:3)

99.99%

Guotai

ethylene carbonate/dimethyl
carbonate /diethyl carbonate
(3:4:3)
1 M Lithium

1 M LiPF6 in

hexafluorophosphate in

EC/DMC (1:1)

Huarong

ethylene carbonate/dimethyl
carbonate (1:1)
Acetylene/Argon

C2H2/Ar

n/a

BOC Gas

Aluminum foil

Al

n/a

Vanlead Tech

Ammonia solution

NH3∙H2O

30%

Chem-Supply

Ammonium persulfate

(NH4)2S2O8

98%

Sigma Aldrich

Ammonium phosphate

NH4H2PO4

99.99%

Sigma Aldrich

Butyllithium (n-BuLi, 1.6 M in CH3(CH2)3Li
hexane)

n/a

Sigma Aldrich

Calcium acetate monohydrate

(CH3CO2)2Ca

99%

Sigma Aldrich

Carbon black

C

Super P

Timcal, elgium

Citric acid

C6H8O7

≥99.5%

Sigma Aldrich

Cobalt(II) acetate

(CH3CO2)2Co

99.99%

Sigma Aldrich

Cooper foil

Cu

n/a

Vanlead Tech

Ethanol

C2H5OH

99%

Ajax Finechem
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Ethanol anhydrous

C2H5OH

99.9%

Sigma Aldrich

Germanium(IV) ethoxide

Ge(OC2H5)4

≥99.95%

Sigma Aldrich

Germanium(IV) tetrachloride

GeCl4

99.99%

Sigma Aldrich

Germanium(IV) oxide

GeO2

99.99%

Alfa Aesar

Graphite flakes, natural

C

n/a

Sigma Aldrich

99%

Sigma Aldrich

Hexadecyltrimethylammonium
bromide (CTAB)
Hexane

CH3(CH2)4CH3

95%

Sigma Aldrich

Hydrazine monohydrate

NH2NH2∙H2O

98%

Sigma Aldrich

Hydrogen/Argon

H2/Ar

10%

BOC Gas

Hydrogen peroxide

H2O2

30%

Sigma Aldrich

Hydrochloric acid

HCl

37%

Sigma Aldrich

Iron(III) nitrate

Fe(NO3)3

99.99%

Sigma Aldrich

Iron(III) oxalate hexahydrate

Fe2(C2O4)3∙6H2O

n/a

Sigma Aldrich

Ketjen Black

C

n/a

Akzonobel

Lithium acetate

CH3COOLi

98%

Sigma Aldrich

Lithium disk

Li

n/a

Ganfeng

Manganese(II) carbonate

MnCO3

99.9%

Sigma Aldrich

Molybdenum(IV) sulfide

MoS2

99%

Sigma Aldrich

99.5%

Sigma Aldrich

n/a

Sigma Aldrich

99%

Sigma Aldrich

99%

Sigma Aldrich

N-methyl-2-pyrrolidone

Poly(acrylic acid)
MW=100,000
Potassium permanganate

KMnO4

Resorcinol
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Sodium carboxymethyl

n/a

Sigma Aldrich

cellulose, MW=90,000
Sodium hydroxide

NaOH

98%

Sigma Aldrich

Sodium molybdate

NaMoO4

98%

Sigma Aldrich

Sulfuric acid

H2SO4

95-98%

Sigma Aldrich

99%

Sigma Aldrich

Tetraethyl orthosilicate

Titanium(IV) isopropoxide

Ti[OCH(CH3)2]4

99.99%

Sigma Aldrich

Urea

NH2CONH2

n/a

Sigma Aldrich

3.3 Synthesis Methods

3.3.1 Microwave-assisted Solid-state Reaction

The solid-state reaction method is simple and widely used for the preparation of
polycrystalline solids from a mixture of solid starting materials. In most cases, it is
necessary to heat the mixture to a relatively high temperature for the reaction to occur,
since some solid materials do not react together at room temperature over normal time
scales. Several factors have effects on the feasibility and rate of the solid-state
reaction, such as the surface area and structural properties of the starting materials, the
thermodynamic free energy change of the reaction, and the reactivity of the reactants.

The microwave-assisted solid-state reaction method is the technique where
microwave radiation is applied to complete the reaction through heating the mixture
treated by the solid-state reaction. In the case of synthesis of LiFePO4, the starting
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materials, CH3COOLi∙2H2O and (NH4)2HPO4, were subjected to an initial solid-state
reaction by grinding for about 30 min to form a homogeneous mixture. Then, other
reactants were introduced into the mixture for a further grind. After 15 min of
microwave irradiation of the mixture, the final LiFePO4 product was obtained.

3.3.2 Hydrothermal/Solvothermal Synthesis

The hydrothermal method is a synthesis method in which substances are crystallized
from aqueous solutions at high temperature and high vapor pressure. It is the most
extensively used method to grow synthetic gems, quartz, and single crystals with
commercial value. Hydrothermal synthesis has been proved to be an efficient method
in the study of new compounds and multicomponent systems at different elevated
temperatures and pressures. The equipment for hydrothermal crystal growth is the
autoclave, consisting of thick-wall steel cylinder with a hermetic seal to withstand the
high pressures and temperatures and a liner that is inert with respect to solvents.
Crystal growth by hydrothermal synthesis involves the temperature-difference method,
the temperature-reduction technique, and the metastable-phase technique. Teflon-lined
stainless steel autoclaves were used in hydrothermal synthesis to fabricate the
electrode materials in this thesis.

Solvothermal synthesis is very similar to hydrothermal, which is conducted in
stainless steel autoclaves. The only difference in the precursor solutions is that
aqueous solvents or organic solvents are used, instead of the water used in
hydrothermal route. Using solvothermal synthesis gains the benefits of both the
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hydrothermal and the sol-gel route, which is effective in precisely controlling the size,
shape distribution, and crystallinity of the nanostructures. In this thesis, ethanol/water
solutions were used to synthesize Co3O4/r-GO composite and urchin-like Ca2Ge7O16
hollow microspheres.

3.3.3 Microwave-assisted Hydrothermal/Solvothermal

The microwave-assisted hydrothermal method is a new technique for applying
microwave heating during the hydrothermal synthesis by replacing the stainless steel
autoclave by one made from non-metallic materials. Compared with the conventional
hydrothermal method, the heat is generated internally in the solution in the
microwave-assisted hydrothermal method, instead of originating from external
heating sources. [51] Moreover, the microwave electromagnetic field can significantly
increase the diffusion and the rate of the reaction, as well as the crystal growth rate in
the synthesis process. Therefore, microwave irradiation heating can effectively reduce
the processing time and thermal gradients, which is an attractive method for the
synthesis and processing of electrode materials. In in this thesis, C/Ge/graphene was
synthesized through the microwave-assisted solvothermal route in an ethanol solution
(within the short time of 20 min), since the precursor of GeCl4 is easy to hydrolyze to
GeO2.
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Figure 3. 2 Comparison of conventional and microwave heating patterns. [51]

3.3.4 Chemical Vapor Deposition Carbon Coating

Chemical vapor deposition (CVD) is a chemical process to produce high purity solid
materials, which is often used to grow thin films in the semiconductor industry. In the
process, volatile starting materials react and/or decompose on the surface of the
substrate to form deposits. Numerous materials can be fabricated by the CVD process
including carbon fibers, carbon nanotubes, silicon, silica, silicon-germanium, titanium
nitride, etc. In this thesis, acetylene gas was used as the carbon source for the CVD
carbon coating process. The acetylene gas decomposed to a thin carbon layer on the
surface of the synthesized GeO2/graphene precursor to form C/GeO2/graphene
composite.
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3.3.5 Thermal Reduction

Thermal reduction is a process based on the reduction of metal compounds, such as
oxides, halides, and other compounds, to the corresponding metals or metal oxides of
lower oxidation state at elevated temperatures. Typically, the reduction agents are
more active metals (such as aluminum and manganese) and reductive gases (such as
ammonia gas, hydrogen, carbon monoxide, and methane). In this thesis, the thermal
reduction was carried out in a tube furnace. After the inert gases (nitrogen or argon)
had flowed in the tubes for about 1 hour to purge the air, the flowing gas changed to a
hydrogen/argon mixture to reduce the C/GeO2/graphene to C/Ge/graphene composite.

3.3.6 Stӧber process

The Stӧber process is a physical chemistry process to synthesize monodisperse silica
spheres, which was first discovered by Werner Stӧber in 1986. In a typical Stӧber
method, tetraethyl orthosilicate (TEOS) is added to a mixed solution of water and
ethanol with a certain amount of ammonia. The morphology of the obtained silica
spheres can be controlled by the ammonia concentration for fixed water and TEOS
concentrations. In this thesis, silica spheres ~250 nm in diameter were produced by
the Stӧber method. After coating the silica with polymer, a carbonization process, and
washing in a base to remove the silica templates, hollow carbon spheres were
obtained for further use.

55

3.4 Physical Characterization Methods

3.4.1 X-Ray Diffraction/Synchrotron X-Ray Diffraction

Powder X-ray diffraction (XRD) is the most widely used tool to identify material
structures. The atoms in a crystal can scatter a beam of incident X-rays into different
directions. Based on the intensities and angles, a three-dimensional picture of the
electron densities can be produced by a crystallographer, which can determine the
mean positions of the atoms. The interference of incident rays and the elastic
scattering of X-rays from the atoms is constructive when the phase shift is a multiple
of 2π, which can be expressed by Bragg’s law as follows,

𝑛𝜆 = 2𝑑 sin 𝜃

(3.1)

Where n is an integer, λ is the wavelength of the incident wave, d is the spacing
between the planes in the atomic lattice, and θ is the angle between the incident ray
and the scattering planes. In this thesis, the X-ray diffraction tests were carried out
using a GBC MMA in scanning mode with a copper Kα radiation source (λ = 1.5406
Å).

A synchrotron is a particle accelerator that produces very bright light (electromagnetic
waves) in the region from the infrared through to X-rays. The X-rays are generated by
a synchrotron facility and thus are at least five orders of magnitude more intense than
with a laboratory X-ray source. In addition to having a high intensity, synchrotron
X-ray diffraction has other useful properties, such as good resolution and high
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signal-to-noise ratio, and tunable monochromatic X-rays that can penetrate bulky
samples. Synchrotron X-ray diffraction measurements were conducted in the
Australian Synchrotron powder diffraction beamline.

3.4.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of a solid specimen. The produced
secondary electrons that are collected by the detector with high resolution reveal
information on the sample, including the morphology, crystalline structure, and
orientation of the materials making up the samples. The data are collected over a
selected area of the surface of the sample, and a two-dimensional image is generated.
For less conductive materials, the surface of the material can be sputter coated by a
thin conductive layer (gold, platinum) to prevent charge build up. A field-emission
SEM JOEL 7500F was used in this work to observe the morphology of the
synthesized electrode materials.

3.4.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a technique that forms micrographs of
extremely small objects or areas of objects by passing a beam of high-energy
electrons through a very thin slice of the sample area of interest. TEM operates on the
same basic principles as light microscopy, but has significantly higher resolution than
light microscopy due to the small de Broglie wavelength of the electrons. High–
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resolution TEM (HRTEM) is a phase-contrast imaging technique, which can provide
images with atomic resolution. It can be used to investigate the crystallinity of
samples, including the identification of lattice planes and defects. Selected-area
electron diffraction (SAED) can be conducted by a transmission electron microscope,
providing crystallographic information from selected regions of the sample from the
micron to the ~100 nm scale. The spacing and orientation of the diffraction spots can
be interpreted in terms of the planar spacing and orientation in the sample. Electron
energy-loss spectroscopy (EELS) is a microanalysis technique that provides
complementary information to energy dispersive X-ray spectroscopy (discussed
below). The energy loss can be analyzed after the electrons have passed through the
sample, and the energy loss peaks can give the information on the elements present.
The TEM microscopes used in this work are the JEOL 2011 (200 keV) and JEOL
3000F.

3.4.4 Energy dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a technique to determine the
composition of a sample. When the electron beam of a TEM or SEM hits the sample,
X-rays are generated which have characteristic energies for each element, providing a
qualitative analysis of the elements present and, with further analysis, the quantitative
composition can be determined. EDS can be conducted from the micron scale to the
nanoscale. EDS qualitative analyses were conducted in both TEM and SEM in this
work.
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3.4.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique in which the mass of a substance is
monitored as a function of temperature or time. The specimen is subjected to a
controlled temperature program in a controlled atmosphere. The sample environment
is controlled by the purge gases (inert or reactive gas) that flow over the sample and
exit through an exhaust. The TGA technique was mainly used in this work to
determine the carbon content in the composites. The carbon in the composite samples
was oxidized into carbon dioxide in a purge gas of air, and the carbon amount could
be calculated through the weight difference.

3.4.6 Raman Spectroscopy

Raman Spectroscopy provides information about molecular vibrations and can be
used for sample identification and quantification. The technique involves shining a
monochromatic light source (i.e., a laser) on a sample and detecting the scattered light.
The majority of the scattering light is of the same frequency as the excitation source:
this is known as Rayleigh or elastic scattering. A very small amount of the scattered
light is shifted in energy from the laser frequency due to the interactions between the
incident electromagnetic waves and the vibrational energy levels of the molecules in
the sample. Plotting the intensity of this shifted light versus frequency results in a
Raman spectrum of the sample. The band positions will lie at frequencies that
correspond to the energy levels of different functional group vibrations. In this
doctoral work, Raman spectroscopy was applied to identify metals and metal oxides,
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as well as the level of graphitization of carbon by the intensity ratio of the D to the G
band in the spectrum, using the JOBIN YVON HR 800 (633 nm laser) facility.

3.4.7 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is the most widely used surface analysis
technique due to its relative simplicity in use and data interpretation. The sample is
irradiated with mono-energetic X-rays, causing photoelectrons to be emitted from the
sample surface. An electron energy analyzer determines the binding energy of the
photoelectrons. From the binding energy and intensity of a photoelectron peak, the
elemental identity, chemical state, and quantity of an element are determined. Only
the photoelectrons at the extreme outer surface (10-100 Angstroms) can escape from
the sample surface, making this a surface analysis technique.

3.4.8 Brunauer-Emmett-Teller Surface Area Analysis

Brunauer-Emmett-Teller (BET) surface area analysis is conducted by physical
adsorption of a gas on the surface of a solid and by calculating the amount of
adsorbate gas corresponding to a monomolecular layer on the surface. Physical
adsorption results from relatively weak forces (van der Waals forces) between the
adsorbate gas molecules and the adsorbent surface area of the test powder. The
determination is usually carried out at the temperature of liquid nitrogen. The amount
of gas adsorbed can be measured by a volumetric or continuous flow procedure.
Barrett-Joyner-Halenda (BJH) pore size and volume analysis can also be employed to
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determine pore area and specific pore volume using adsorption and desorption
techniques. This technique characterizes the pore size distribution independent of the
external area due to the particle size of the sample.

3.5 Electrode Preparation and Coin Cell Assembly

A homogeneous electrode slurry, including active materials, conductive additive
(carbon black, Super P, or Ketjen black), binder [polyacrylic acid/ carboxymethyl
cellulose (PAA/CMC), polyvinylidene difluoride (PVDF)], was obtained by thorough
mixing by rotary mixer or mortar and pestle in a solvent [deionized water for
PAA/CMC, N-methyl pyrrolidone (NMP) for PVDF]. Then, the slurry was pasted
onto the substrates (aluminum foil for the cathode, copper foil for the anode) by a
roller coating technique. After a drying process under vacuum at 120 oC for 4 hours or
more, the coin-cell electrodes (disks 7.9 or 9.1 cm in diameter) were punched from a
large electrode sheet by precision punches. For the electrode disks with PVDF as a
binder, a pressure of 20 kg cm-2 was used to secure the connection. Then, the
electrodes were transferred to a glove box filled with argon gas for assembly.

Coin cells (CR2032 type) were assembled in an MBraun glove box with both
moisture and oxygen levels below 1 ppm. Generally, the working electrode was
placed on the positive terminal, covered with a polypropylene separator (Cellgard), a
lithium disk, a stainless steel spacer, a disk spring, and the negative terminal (as
shown in Figure 3.3). In this doctoral work, 3 drops of electrolyte, consisting of LiPF6
in solvent, were used to soak the electrodes and membrane separator.
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Figure 3. 3 An illustration of the coin-type cell parts and assembly. [52]

3.6 Electrochemical Characterization Methods

3.6.1 Galvanostatic Charge/Discharge

Characterization of lithium ion batteries usually involves galvanostatic (common
constant current) charge and discharge during various cycles. The capacities (Q) for
charge and discharge can be calculated from the applied constant current multiplied
by the total test time (𝑄 = 𝐼 × 𝑡), which equals the total electron charge in each
process. In the galvanostatic cycling of batteries, the charge and discharge currents are
often expressed as the C rate, calculated from the battery capacity. The C rate is a
measure of the rate at which a battery is charged or discharged relative to its
maximum capacity.

62

3.6.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technique which measures the current
that develops in an electrochemical cell under conditions where the voltage is in
excess of that predicted by the Nernst equation. CV is performed by cycling the
potential of a working electrode and measuring the resulting current. If a redox system
remains in equilibrium throughout the potential scan, the redox process is reversible.
For an irreversible process, slow electron transfer kinetics and chemical reactions are
the two major causes for the irreversible behavior. In this thesis, the CV
measurements were conducted on a VMP3 or CHI660B electrochemical workstation
with a scan rate of 0.1 mV s-1.

3.6.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) records the response of a system to a
small applied perturbation (i.e., an AC signal), over a pre-determined frequency range.
The applied AC voltage and the resultant AC current are measured, and the impedance
is calculated. The EIS technique is non-destructive and is particularly sensitive to
small changes in a system. To obtain a response, a sinusoidal voltage is applied, which
can produce sample polarization. The resultant current also has the same frequency,
but different a phase and amplitude. By measuring the complex impedance (Z), the
separate real (Z´) and imaginary terms (Z´´) are calculated.
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4 ENHANCED RATE PERFORMANCE OF COBALT
OXIDE/NITROGEN DOPED GRAPHENE COMPOSITE FOR
LIHTIUM ION BATTERIES
4.1 Introduction
Due to the gradual depletion of conventional energy sources, lithium ion battery
technology is attracting widespread attention with a view to its wide application in
portable electronic devices and hybrid electric vehicles.[1-4] Increasing efforts have
been focused on fabricating electrode materials to meet the demand for batteries with
high energy density, high power density, and long cycling life. Among the candidate
electrode materials under intensive investigation, Co3O4 has received particular
interest due to its promising potential and high theoretical capacity (890 mA h g-1),
which is two times larger than that of graphite (327 mA h g-1). However, its large
irreversible capacity loss and poor cycling stability have restricted its general
application, owing to the large volume change during the charge/discharge process
and, the unavoidable particle aggregation associated with the lithium ion insertion and
extraction processes after long cycling.[5-8] It is well accepted that electrode with the
proper nanosize distribution could reduce the path length of lithium ion transport and
improve electrolyte penetration because of the large contact area between electrode
and electrolyte, which greatly contributes to the electrochemical performance during
cycling.[9-11] A strategy has been utilized to circumvent the volume change and
aggregation problems by hybridizing with conducting matrices, such as amorphous
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carbon coatings[11] or carbon nanotubes,[12] which could interlink Co3O4 particles to
improve their electrochemical performance. Recently, graphene has come into wide
use as an effective matrix to improve the electrochemical performance of electrode
materials by providing rapid access for electrons and allowing good transportation of
lithium from the active material and electrolyte.[13-16] In addition, graphene in the
composite materials could effectively inhibit aggregation of particles and the large
volume swings during the charge/discharge process, which will result in stable
cycling performance.[8, 17] It was reported that heteroatoms doped into the graphene
lattice could modify the physical and chemical properties of the host materials.[18-20]
Nitrogen doping could modified the electronic properties through the introduction of
pyridinic nitrogen and pyrrolic nitrogen, owing to the hybridization between the lone
pair electrons of nitrogen and the  system of graphene, as well as the stronger
electronegativity of nitrogen compared to carbon.[21-27] Du et al.[28] applied the
four probe method to measure the conductivity and found that the conductivity of
Fe2O3/N-G is about twice as high as that of Fe2O3/G. The improved conductivity can
be attributed to the decreased semiconducting gap due to nitrogen doping and the
appearance of a finite density of states at zero energy in graphene.[29]

In this paper, we have synthesized cobalt oxide and reassembled it with nitrogen
doped reduced graphene oxide (rGO) hybrid anode material for lithium ion batteries.
Compared to the traditional method of nitrogen doping, our method of using NH3H2O
is cheaper and, easier to control, and the potential risk is much lower.[30] The
obtained nanosized Co3O4 particles are directly and homogeneously grown on a
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conductive network of N-doped rGO, which could offer dimensional confinement of
the Co3O4 nanoparticles by the surrounding graphene network, limiting the volume
expansion upon lithium insertion. Furthermore, the distribution of Co3O4 on the N
doped graphene sheets is improved compared to that on the un-doped graphene.The
nitrogen doping could be expected to improve the conductivity of the rGO sheets, and
thus the composite material as a whole.
4.2 Experimental Methods
Graphene oxide (GO) was synthesized from natural graphite powder by a modified
Hummers method.[31-32] 10 mg of the obtained GO was dispersed in 45 mL of
anhydrous ethanol by ultrasonication for 0.5 h. 1 mL of 0.25 M cobalt acetate solution
and 1 mL of ammonia solution (NH4OH, 30 wt%) were added to the graphene oxide
solution. The obtained composite precursor was stirred for several hours at 80 oC to
ensure a complete hydrolysis reaction. Then, the solution was transferred into a
Teflon-lined stainless steel reactor and heated at 150 oC for 3.5 h. After the reaction, a
black powder was collected by centrifugation and washed with de-ionized water and
ethanol several times before drying it in an oven at 90 oC overnight. A similar
approach has been reported by recently by Liang et al. using ammonia solution as
dopant to synthesize Co3O4/N-rGO.[30] Samples of rGO, N-rGO, bare Co3O4, and
Co3O4/rGO were also prepared for comparison. The experimental steps for these
samples were the same as for the synthesis of Co3O4/N-rGO, but without the NH4OH
and cobalt acetate solution for rGO, without cobalt acetate solution for N-rGO,
without any GO for the bare Co3O4, and with the replacement of NH4OH by
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de-ionized water for Co3O4/rGO.

The crystalline phases of the resulting materials were analyzed by powder X-ray
diffraction (XRD, MMA GBC, Australia), which was carried out using Cu Kα
radiation (λ = 1.54056 Å) from 2. = 10 to 80. Thermogravimetric analysis (TGA)
was carried out to determine the carbon content with a TGA/differential scanning
calorimetry (DSC) type instrument (METTLER TOLEDO, Switzerland) at a heating
rate of 10 C min-1 from room temperature to 800 C in air. Transmission electron
microscope (TEM) investigations were performed using a JEOL 2011F analytical
electron microscope (JEOL, Tokyo, Japan) operating at 200 keV. X-ray photoelectron
spectroscopy (XPS) experiments were carried out on a VG Scientific ESCALAB
220IXL instrument using aluminium K X-ray radiation during XPS analysis.

To prepare the working electrode for electrochemical testing, a slurry was prepared by
thoroughly mixing 76 wt. active material, 12 wt.% acetylene black, and 12 wt.%
poly(vinylidene fluoride) (PVdF) in N-methyl pyrrolidinone (NMP) solvent. The
slurry was then spread onto copper foil substrates and dried in a vacuum oven at 120
C for 3 h. The electrochemical tests were carried out on CR2032 coin type cells. The
cells were constructed of lithium foil as anode, the prepared active material on copper
as cathode, microporous polyethylene (Celgard 2400) as the separator, and 1 M LiPF6
in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by
volume) as the electrolyte. The whole assembly process was carried out in an
argon-filled glove box (Mbraun, Unilab, Germany). The charge/discharge cycling was
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performed within the voltage range of 0.01-3 V vs Li+/Li on a battery test instrument
(CT2001A, KINGNUO, China) at ambient temperature. Electrochemical impedance
spectroscopy (EIS) were obtained by applying a dc potential equal to the open circuit
voltage of the cell with an amplitude of 5 mV over the frequency range from 100 kHz
to 0.01 Hz.

4.3 Materials Characterization

The obtained GO, rGO, bare Co3O4, and Co3O4/N-rGO were investigated by powder
X-ray diffraction to confirm the phases. As illustrated in Figure 4.1, the characteristic
(002) peak shifted from 11.4° for GO to 24.1° for rGO, which indicates that the GO
can be reduced during the in situ hydrothermal reaction. The interplanar spacing
corresponding to the (002) peak of rGO (0.376 nm) is larger than that of standard
graphite (0.335 nm),[33] giving evidence that oxygen-containing functional groups
had been generated, providing additional intercalation sites for accommodation of
lithium ions and therefore promoting enhanced electrochemical performance.[14-15]
The major diffraction peaks of the bare Co3O4 are well ascribed to the pure phase of
crystallized cubic spinel Co3O4 with space group Fd3m(227) (JCPDS card No.
42-1467). For the Co3O4/N-rGO sample, no distinct peak could be indexed to
graphene as compared with the bare Co3O4, which indicates that there was no critical
aggregation problem for the graphene layers in the as-prepared composite and that the
Co3O4 nanoparticles were homogeneously anchored on the surface of the rGO.
Thermogravimetric analysis was carried out to evaluate the mass ratio of Co3O4 in the
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Co3O4/N-rGO composite from 50 C to 900 C in air. The results revealed that the
percentage of Co3O4 in the composite is about 76%, which is shown in Figure 4.2.

Figure 4. 1 Powder XRD patterns of GO, rGO, bare Co3O4, and Co3O4/N-rGO.

Figure 4. 2 TGA curves of Co3O4/rGO and Co3O4/N-rGO.
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Raman spectroscopy is a useful tool for the characterization of graphene based
materials, as shown in Figure 4.3.[34] From Figure 4.3(a), it can be observed that
there is a strong D band at 1333 cm-1, which is related to the presence of defects, and
a G band at 1604 cm-1, which is ascribed to the E2g mode for sp2 domains in both
samples.[35] Note that the intensity ratio of the D band to the G band (ID/IG) for the
N-rGO is much higher than for the rGO, which indicates that there are more defects in
the rGO after nitrogen doping. As shown in Figure 4.3(b), the ID/IG value of
Co3O4/N-rGO sample (1.2924) is higher than in the Co3O4/rGO sample (with a ratio
of 1.1766), which should be favourable to the lithium ion storage. Moreover, the
Raman scattering peaks detected at 197, 486, and 623 cm-1 correspond to the F2g
modes, and the one at 694 cm-1 can be attributed to the A1g mode of Co3O4.[36-38]
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Figure 4. 3 Raman spectra of (a) rGO and N-rGO, (b) Co3O4/rGO and Co3O4/N-rGO
composite.

The morphology and structural features of the as-prepared Co3O4/N-rGO composite
were elucidated via TEM images, which also can confirm the growth of Co3O4 on the
reduced graphene oxide sheets. Figure 4.4(b) shows an enlarged image of the
indicated section of Figure 4.4(a). It can be observed that numerous fine particles with
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crystallite sizes ranging from 5 to 10 nm are attached on the reduced graphene oxide
sheet. The HRTEM image clearly demonstrates the crystalline spinel structure of the
Co3O4 nanocrystals on the N-doped rGO sheet. The lattice fringes with spacing of
0.46 nm and 0.24 nm in Figure 4.4(c) can be attributed to the (111) and (311) planes
of cubic Co3O4, respectively. Comparing the TEM images of the Co3O4/N-rGO
composite with those of the bare Co3O4 (Figure 4.5) and the Co3O4/rGO (Figure 4.6),
we found that the crystal size and aggregation of Co3O4 nanocrystals in the composite
samples are significantly smaller than in the bare Co3O4 sample (particle size 20-30
nm), demonstrating that rGO sheets could effectively hinder the growth and
aggregation of Co3O4 crystals during synthesis. Also, the distribution of Co3O4
particles on the N-rGO is more uniform than on the rGO. It is a strong benefit that the
uniform distribution of Co3O4 nanocrystals on the rGO can restrict the aggregation or
restacking of graphene layers during highly active surface area[9] and preserves the
advantages of rGO in charge and discharge. It is expected that the good interlinks
between Co3O4 nanocrystals and rGO sheets could have benefits for electron transport
through the excellent electrical conductor rGO to the nanoparticles and therefore
enhance the electrochemical performance.
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Figure 4. 4 (a) Low-magnification TEM, (b) high-magnification TEM, and (c)
high-resolution TEM images of the obtained Co3O4/N-rGO composite.

Figure 4. 5 (a) and (b) TEM images of bare Co3O4.

Figure 4. 6 (a) TEM and (b) HRTEM images of the obtained Co3O4/rGO composite.
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XPS measurements were carried out to analyze the chemical composition of the
obtained surface layer of Co3O4/N-rGO (shown in Figure 4.7). Curve-fitting of the C
1s spectra was performed to identify the functional group species. The main peak
centered at 284.8 eV could be attributed to sp2 hybridized C atoms in the reduced
graphene oxide, and the left part can be resolved into three components centered at
285.5, 288.3, and 289.9 eV, which can be assigned to N-sp2C, C=O, and COOH,
respectively.[39-40] The results proved that the nitrogen atoms were successfully
doped onto the reduced graphene oxide. In terms of nitrogen, the N 1s peak of the
Co3O4/N-rGO sample has been fitted to pyridinic N (398.3 eV) and pyrrolic N (400.2
eV). The electron energy loss spectra (EELS) mapping further confirm the existence
of N element, and the distribution of N in the graphene is uniform (see Figure 4.8). It
was reported that carbon atoms are more chemically active on the edges or defect sites
in the graphene plane than within the plane[21] and that they are inclined to be
replaced by pyridinic N at these chemically active sites.[24, 41] The doped nitrogen
atoms provide favorable nucleation and anchoring sites for Co3O4 nanocrystals
because of their coordination with Co cations.[30] Therefore, there are more Co3O4
nanocrystals on the edge than the inner area of the N-doped rGO, which can be
observed from the TEM images. Fig. 4(c) shows the presence of the O 1s core level
centered at 533.6 eV. The two characteristic peaks of Co 2p at 795.8 and 780.9 eV
shown in Fig. 4(d) are assigned to the Co 2p1/2 and Co 2p3/2 spin-orbital splitting
photoelectrons of Co3O4.
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Figure 4. 7 XPS spectra of all elements of the Co3O4/N-rGO sample.

Figure 4. 8 Elemental mapping of Co3O4/N-rGO. The elemental Co (b), C (c) and N
(d) maps generated by EELS mapping of the TEM micrograph shown in (a).
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4.4 Electrochemical Characterization

A comparison of the charge/discharge cycling performances of the bare Co3O4,
Co3O4/rGO, and Co3O4/N-rGO is shown in Figure 4.9(a). The cells were cycled at a
current density of 100 mA g-1 for the first five cycles, and then at 400 mA g-1 for the
remaining cycles. After 50 cycles, the bare Co3O4 electrode exhibits a poor capacity
of 53.2 mA h g-1, with only 6.5% retention of the 6th cycle capacity, which can be
associated with the severe particle aggregation and pulverization resulting from the
inevitable damage to the particles. In contrast, both the Co3O4/rGO and the
Co3O4/N-rGO composites show good capacity retention upon cycling. The
Co3O4/N-rGO sample delivered a discharge capacity of 882.2 mA h g-1 at the 6th cycle,
which gradually decreases to 766.4 mA h g-1 at the 50th cycle, with a high retention
rate of 86%. Typical charge-discharge curves of the Co3O4/N-rGO composite
electrode for the 1st, 5th, 10th, and 50th cycles (with the cell cycled at 100 mA g-1 for
the first 5 cycles and at 400 mA g-1 for the rest of the cycles) are shown in Figure
4.9(b). The initial discharge and charge capacities are 1413.2 mA h g-1 and 991.7 mA
h g-1, respectively, showing an initial coulombic efficiency of 70.1%, which is higher
than that of the Co3O4/rGO (68.2%) (see Figure 4.10). The improved initial
coulombic efficiency demonstrates that the nitrogen doping could suppress the
decomposition of the electrolyte, the formation of the solid electrolyte interface (SEI)
layer by the surface side reaction of graphene with the electrolyte.[42] In the initial
discharge process, there is a stable voltage plateau at about 1.0 V and then a decrease
to the cut-off voltage of 0.01 V, which is associated with the formation of Li2O
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accompanying a complete reduction of cobalt. The as-prepared composite still
exhibits a reversible capacity of 775.2 mA·h g-1 after 50 discharge/charge cycles at the
relatively higher current density of 400 mA g-1. To further understand the improved
electrochemical performance after nitrogen doping on graphene, we have tested rGO
and N-rGO under the same experimental conditions and the results reveal a gradual
decline in the specific capacity with increasing charge/discharge cycle number of rGO
(Shown in Figure 4.11). For N-rGO, there is a capacity of ~8 mA g-1, higher than for
rGO after 10 cycles, and the cycling performance is slightly more stable than that of
rGO. Comparing the capacity difference between Co3O4/N-rGO and Co3O4/rGO, the
improved capacity can be attributed to the synergistic effects of doped nitrogen
between rGO and Co3O4 between N-rGO.

To comprehensively elucidate the effects of the rGO and nitrogen doping on the
electrochemical performance of the obtained samples, the rate capabilities of the bare
Co3O4, Co3O4/rGO, and Co3O4/N-rGO are presented in Figure 4.9(c) at various
current densities from 100 mA g-1 to 2000 mA g-1 and then back to 100 mA g-1 again.
Except for the initial cycle, stable capacities were obtained for all three samples at a
current density of 100 mA g-1. In the following cycles, the capacity of the bare Co3O4
decreased from 800 mA h g-1 at 200 mA g-1 to 110 mA h g-1 at 2000 mA g-1 In contrast,
both Co3O4/rGO and Co3O4/N-rGO exhibit rather better rate capability under the
same test conditions, especially the Co3O4/N-rGO electrode. Co3O4/N-rGO delivers
discharge capacities of 1100, 950, 860, 670, and 460 mA h g-1 at different current
densities of 100, 200, 400, 1000, and 2000 mA g-1, respectively. Such a pronounced
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improvement in rate capability can be ascribed to the unique network structure of
Co3O4/N-rGO (Co3O4/rGO) composite, in which N-rGO or rGO serves as a
mechanical and electronic framework, providing electronic conduction pathways and
improving electronic conductivity. Figure 4.12 contains the FESEM images of
Co3O4/N-rGO electrode after 50 charge/discharge cycles. The highly flexible N-rGO
is robust enough to not only accommodate the volume changes during the lithium
intercalation and de-intercalation, but also maintain the structural integrity of the
electrode. Compared with rGO, N-rGO in the composites has better electrical
conductivity, and the doped nitrogen atoms provide favorable nucleation and
anchoring sites for Co3O4 nanocrystals,[30] improving the uniformity of the Co3O4
distribution, and therefore, further improving the electrochemical performance,
especially the rate capability of the composite materials. The results are further
confirmed through electrochemical impedance spectroscopy (EIS) (see Figure 4.13).
And the fitting results of the impedance parameters are shown in Table 4.1.In the
high-medium frequency region, it could be observed that the diameter of the
characteristic semicircle for the Co3O4/N-rGO is smaller than that for the Co3O4/rGO,
indicating that nitrogen doping could lower the contact and charge-transfer resistance
of the sample. In addition, the nitrogen doping could introduce a large number of
defects on the rGO, which could further enhance its lithium storage properties and
electrochemical performance.[41] It is worth noting that the capacity of Co3O4/N-rGO
is higher than that of Co3O4/rGO on returning to the low current rate of 100 mA g-1,
indicating better reversibility after nitrogen doping. The electrochemical performance
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of our Co3O4/N-rGO is better than that of the cobalt oxide/graphene nanocomposite
reported by Wang et al. [43], the cobalt oxide nanoparticles on graphene nanosheets
reported by Hsieh et al., [44] as well as the graphene-encapsulated mesoporous Co3O4
composite microspheres reported by Yang et al. [45] in terms of rate capability, and
the cobalt oxide nanowall arrays on reduced graphene oxide sheets reported by Zhu et
al. [46] in terms of cycling performance (Shown in Table 4.2).

In summary, the excellent electrochemical performance of Co3O4/N-rGO can be
attributed to: 1) the small particle size of Co3O4 (5-10 nm), which reduces the path
length for lithium ion migration during the charge/discharge process and increases the
contact areas between the electrolyte and the active materials, as well as preventing
rGO from stacking; 2) the presence of N-rGO, which offers easy pathways for
electrons, providing a good conductive matrix for the Co3O4 nanoparticles; 3) the
ability of N-rGO to also work as an elastic buffer substrate to accommodate the
volume changes of Co3O4 in the processes of lithium ion insertion/extraction; and 4)
better structural stability and electrical conduction due to the good connection of the
individual Co3O4 nanoparticles to the N-rGO. Nitrogen doping introduces defects and
pyridinic N on the rGO, thus leading to the formation of disordered carbon structure,
which tends to be electron-accepting and provides anchor sites for the Co3O4
nanoparticles.
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Figure 4. 9 Comparison of the cycling performance of bare Co3O4, Co3O4/rGO, and
Co3O4/N-rGO at a current density of 100 mA g-1 for the first five cycles and 400 mA
g-1 for the remaining cycles; (b) galvanostatic charge-discharge profiles of
Co3O4/N-rGO for the 1st, 5th, 10th, and 50th cycles; (c) Comparison of rate capability
of bare Co3O4, Co3O4/rGO, and Co3O4/N-rGO at different current densities.
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Figure 4. 10 Galvanostatic charge-discharge profiles of (a) Co3O4 and (b) Co3O4/rGO
for the 1st, 5th, 10th, and 50th cycles.

Figure 4. 11 Comparison of the cycling performance of rGO and N-rGO at a current
density of 100 mA g-1.

81

Figure 4. 12 SEM images of Co3O4/N-rGO electrode after 50 charge/discharge cycles.
The red and aqua arrows indicate the Co3O4 nanoparticles and N-rGO layer,
respectively.

Figure 4. 13 Nyqusit plots of the bare Co3O4, Co3O4/rGO, and Co3O4/N-rGO. The
upper right inset shows the equivalent circuit of the electrode.
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Table 4. 1 Fitting results of the impedance parameters.
Sample

Rs ()

Rct ()

Cdl (F)

bare Co3O4

3.58

323

0.434

Co3O4/rGO

2.31

250

1.20

Co3O4/N-rGO

2.23

204

1.32

Table 4. 2 Comparison of electrochemical performances with references.

Published work

This work

Current density
(mA g-1)

Capacity
(mA h g-1)

Current density
(mA g-1)

Capacity
(mA h g-1)

89

870

100

1100

445

760

400

860

890

690

1000

670

Wang[43]

74.4

900

100

1100

Yang[45]

200

820

200

958

500

560

400

860

1000

390

1000

670

2000

264

2000

462

180

~ 850 (at the 6nd

400

882.2 (at the 6nd cycle)

Hsien[44]

Zhu[46]

cycle)

766.4 (at the 50th cycle)

~780 (at the 50th
cycle)

Li[37]

200

~ 910 (at the 6nd

400

cycle)

882.2 (at the 6nd cycle)
766.4 (at the 50th cycle)

~840 (at the 50th
cycle)
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4.5 Conclusions

Nitrogen doped reduced graphene oxide with Co3O4 nanocrystals attached was
successfully

fabricated

via

the

hydrothermal

technique.

The

as-obtained

Co3O4/N-rGO revealed a uniform distribution of Co3O4 nanoparticles between 5-10
nm in size on the nitrogen doped reduced graphene oxide sheets. The lithium storage
properties of the composite materials were investigated. It was found that the
Co3O4/N-rGO electrode exhibits excellent rate capability and cycling stability
compared to both bare Co3O4 and Co3O4/rGO electrodes, which could be attributed to
the fact that the N-doped reduced graphene sheet serves as a conductive matrix and an
inhibiting agent towards the aggregation and growth of Co3O4 nanocrystals, as well as
a buffering agent for the accommodation of the volume changes during the cycling
process. In addition, the nitrogen doping provides defects that can act as lithium
storage and anchoring sites for Co3O4 nanocrystals, which improves the connection of
Co3O4 to the rGO sheets and thus the structural stability of the material.

84

4.6 References

[1] P. Poizot, S. Laruelle, S. Grugeon, L. Dupont, J.M. Tarascon, Nature, 407 (2000)
496-499.
[2] K. Kang, Y.S. Meng, J. Bréger, C.P. Grey, G. Ceder, Science, 311 (2006) 977-980.
[3] J.M. Tarascon, M. Armand, Nature, 414 (2001) 359-367.
[4] H. Pan, L. Zhao, Y.-S. Hu, H. Li, L. Chen, ChemSusChem, 5 (2012) 526-529.
[5] Y. Li, B. Tan, Y. Wu, Nano Letters, 8 (2007) 265-270.
[6] K.M. Shaju, F. Jiao, A. Debart, P.G. Bruce, Physical Chemistry Chemical Physics,
9 (2007) 1837-1842.
[7] J. Wang, G. Du, R. Zeng, B. Niu, Z. Chen, Z. Guo, S. Dou, Electrochimica Acta,
55 (2010) 4805-4811.
[8] P. Zhang, Z.P. Guo, Y. Huang, D. Jia, H.K. Liu, Journal of Power Sources, 196
(2011) 6987-6991.
[9] Z.-S. Wu, W. Ren, L. Wen, L. Gao, J. Zhao, Z. Chen, G. Zhou, F. Li, H.-M.
Cheng, ACS Nano, 4 (2011) 3187-3194.
[10]

M.G. Kim, J. Cho, Advanced Functional Materials, 19 (2009) 1497-1514.

[11]

Y. Wang, H.J. Zhang, L. Lu, L.P. Stubbs, C.C. Wong, J. Lin, ACS Nano, 4

(2010) 4753-4761.
[12]

N. Du, H. Zhang, B.D. Chen, J.B. Wu, X.Y. Ma, Z.H. Liu, Y.Q. Zhang, D.R.

Yang, X.H. Huang, J.P. Tu, Advanced Materials, 19 (2007) 4505-4509.
[13]

D. Wang, D. Choi, J. Li, Z. Yang, Z. Nie, R. Kou, D. Hu, C. Wang, L.V. Saraf,

J. Zhang, I.A. Aksay, J. Liu, ACS Nano, 3 (2009) 907-914.
85

[14]

S.-M. Paek, E. Yoo, I. Honma, Nano Letters, 9 (2008) 72-75.

[15]

E. Yoo, J. Kim, E. Hosono, H.-s. Zhou, T. Kudo, I. Honma, Nano Letters, 8

(2008) 2277-2282.
[16]

G. Wang, X. Shen, J. Yao, J. Park, Carbon, 47 (2009) 2049-2053.

[17]

Y. Shi, L. Wen, F. Li, H.-M. Cheng, Journal of Power Sources, 196 (2011)

8610-8617.
[18]

A.C. Ferrari, Solid State Communications, 143 (2007) 47-57.

[19]

A.M. Rao, P.C. Eklund, S. Bandow, A. Thess, R.E. Smalley, Nature, 388

(1997) 257-259.
[20]

J. Liang, Y. Jiao, M. Jaroniec, S.Z. Qiao, Angewandte Chemie International

Edition, 51 (2012) 11496-11500.
[21]

X. Wang, X. Li, L. Zhang, Y. Yoon, P.K. Weber, H. Wang, J. Guo, H. Dai,

Science, 324 (2009) 768-771.
[22]

Y. Wang, Y. Shao, D.W. Matson, J. Li, Y. Lin, ACS Nano, 4 (2010)

1790-1798.
[23]

L. Zhang, H.B. Wu, S. Madhavi, H.H. Hng, X.W. Lou, Journal of the

American Chemical Society, 134 (2012) 17388-17391.
[24]

X. Li, H. Wang, J.T. Robinson, H. Sanchez, G. Diankov, H. Dai, Journal of

the American Chemical Society, 131 (2009) 15939-15944.
[25]

X. Li, D. Geng, Y. Zhang, X. Meng, R. Li, X. Sun, Electrochemistry

Communications, 13 (2011) 822-825.
[26]

Z. Ding, L. Zhao, L. Suo, Y. Jiao, S. Meng, Y.-S. Hu, Z. Wang, L. Chen,
86

Physical Chemistry Chemical Physics, 13 (2011) 15127-15133.
[27]

L. Zhao, Y.-S. Hu, H. Li, Z. Wang, L. Chen, Advanced Materials, 23 (2011)

1385-1388.
[28]

M. Du, C. Xu, J. Sun, L. Gao, Electrochimica Acta, 80 (2012) 302-307.

[29]

H. Mousavi, R. Moradian, Solid State Sciences, 13 (2011) 1459-1464.

[30]

Y. Liang, Y. Li, H. Wang, J. Zhou, J. Wang, T. Regier, H. Dai, Nat Mater, 10

(2011) 780-786.
[31]

W.S. Hummers, R.E. Offeman, Journal of the American Chemical Society, 80

(1958) 1339-1339.
[32]

D. Li, M.B. Muller, S. Gilje, R.B. Kaner, G.G. Wallace, Nat Nano, 3 (2008)

101-105.
[33]

S.Q. Chen, Y. Wang, Journal of Materials Chemistry, 20 (2010) 9735-9739.

[34]

K.N. Kudin, B. Ozbas, H.C. Schniepp, R.K. Prud'homme, I.A. Aksay, R. Car,

Nano Letters, 8 (2007) 36-41.
[35]

J. Shen, Y. Hu, M. Shi, X. Lu, C. Qin, C. Li, M. Ye, Chemistry of Materials,

21 (2009) 3514-3520.
[36]

H. Kim, D.-H. Seo, S.-W. Kim, J. Kim, K. Kang, Carbon, 49 (2011) 326-332.

[37]

B. Li, H. Cao, J. Shao, G. Li, M. Qu, G. Yin, Inorganic Chemistry, 50 (2011)

1628-1632.
[38]

J. Jiang, L. Li, Materials Letters, 61 (2007) 4894-4896.

[39]

A.L.M. Reddy, A. Srivastava, S.R. Gowda, H. Gullapalli, M. Dubey, P.M.

Ajayan, ACS Nano, 4 (2010) 6337-6342.
87

[40]

P. Han, Y. Yue, Z. Liu, W. Xu, L. Zhang, H. Xu, S. Dong, G. Cui, Energy &

Environmental Science, 4 (2011) 4710-4717.
[41]

K. Zhang, P. Han, L. Gu, L. Zhang, Z. Liu, Q. Kong, C. Zhang, S. Dong, Z.

Zhang, J. Yao, H. Xu, G. Cui, L. Chen, ACS Applied Materials & Interfaces, 4 (2012)
658-664.
[42]

Z.-S. Wu, W. Ren, L. Xu, F. Li, H.-M. Cheng, ACS Nano, 5 (2011)

5463-5471.
[43]

G. Wang, J. Liu, S. Tang, H. Li, D. Cao, Journal of Solid State

Electrochemistry, 15 (2011) 2587-2592.
[44]

C.-T. Hsieh, J.-S. Lin, Y.-F. Chen, H. Teng, The Journal of Physical

Chemistry C, 116 (2012) 15251-15258.
[45]

X. Yang, K. Fan, Y. Zhu, J. Shen, X. Jiang, P. Zhao, C. Li, Journal of

Materials Chemistry, 22 (2012) 17278-17283.
[46]

J. Zhu, Y.K. Sharma, Z. Zeng, X. Zhang, M. Srinivasan, S. Mhaisalkar, H.

Zhang, H.H. Hng, Q. Yan, The Journal of Physical Chemistry C, 115 (2011)
8400-8406.

88

5 TITANIUM DIOXIDE NANOPARTICLES ON NITORGEN DOPED
GRAPHENE AS ANODE MATERIAL FOR LITHIUM ION
BATTERIES
5.1 Introduction
Metal oxides have been considered as a significant family of high-power anode
materials for rechargeable lithium ion batteries [1] because of their diverse chemical
and physical properties, as well as their high reversible capacities. Recently, titanium
dioxide has garnered huge attention because of its wide potential applications in
sensing, photocatalysis, electronic devices, conversion devices, solar cells, and energy
storage [2-3], due to its abundance, low cost, and environmental benignity [4-5]. In
the field of lithium ion batteries, TiO2 has been particularly studied, since it also has
high potential and theoretical capacity, flat operating potential, a safe and stable
structure with a negligible volume change (< 4%) in the processes of lithium ion
intercalation/de-intercalation, and intrinsic safety because lithium electrochemical
deposition can be avoided [6-7]. There are eight polymorphs of TiO2, among which,
anatase is widely considered to be the most electroactive host for lithium ion insertion
[8].

The sluggish lithium ion diffusion and low electronic conductivity (~ 10-13 S
cm-1) of TiO2 are obstacles, however, to its practical application in higher power
output

applications.

Nanomaterials

have

been

employed

to

improve

the

electrochemical performance of TiO2. It is reported that nanosheets [9], nanoribbons
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[10], nanotubes [11], and nanowires [12] can shorten the diffusion length for lithium
ions, provide good electronic transport paths, owing to the large surface to volume
ratio, and increase lithium transport between the electrode and electrolyte [13], thus
enhancing the electrochemical performance. Nevertheless, another problem arising
from the nanosized materials is the strong tendency towards aggregation of TiO2
nanoparticles. Therefore, strategies such as introducing a conductive coating layer,
decorating the nanoparticles on certain substrates, and embedding the nanostructures
in a conductive matrix have been applied to prevent nanostructures from aggregating
and, more importantly, to increase the conductivity.

Recently, graphene-based electrode materials, such as Co3O4/graphene
composites [14-15], SnO2/graphene nanoporous composites [16], MnO/graphene
nanosheet hybrid [17], and Li4Ti5O12/graphene composite [18] have attracted
considerable interest due to their improved rate capability and enhanced cyclic
performance because of their high electrical conductivity, high surface areas, broad
electrochemical window, and chemical tolerance [16, 19]. It is also found that a
graphene layer can effectively hinder severe aggregation of nanoparticles in
charge/discharge processes [15].

Chemical doping is expected to substantially increase the density of free charge
carriers and thereby enhance the electrical conductivity [20]. To date, nitrogen doped
graphene is widely studied to enhance the properties of electrode materials, as it
shows shows improved capacity, cycle life, and rate performance compared to pristine
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graphene [21-22]. Its advantages are derived from the conjugation between the
nitrogen lone-pair electrons and the graphene π system [23]. Notably, nitrogen doping
can improve the conductivity, which can be attributed to the decreased
semiconducting gap after nitrogen doping and the appearance of a finite density of
states at zero energy in the graphene [24], so that a band gap is opened up between the
valence band and conduction band [25]. There is higher electronegativity around the
sites of nitrogen doping on the graphene, which can attract a larger number of lithium
ions and therefore enhance the capacity [26], as shown in Figure 5.1(a). Based on
first-principles calculations, the process of nitrogen doping can introduce more
defects than is possible with pristine graphene, and the presence of vacancy defects
can enhance the ratio of Li:O, which facilitates free lithium ion diffusion between the
graphene sheets in a perpendicular direction [27]. Thanks to the presence of defects,
the lithium ion can easily diffuse to the vacancy and then go through to the other
surface of the graphene sheet or to the surface of another layer of graphene, because
the diffusion barrier at the hexagonal sites around the defects is much lower than in
pristine graphene (as shown in Figure 5.1(b)) [27]. Furthermore, Shin et al. [26]
believed that the nitrogen doping could introduce more favourable binding between
nitrogen doped sites and lithium ions, and play a critical role in assisting the good
dispersion of nanoparticles during cycling. Moreover, nitrogen doping has been
demonstrated

to

enhance

the

surface

hydrophilicity

to

facilitate

the

electrolyte-electrode interactions [25]. There are three different types of nitrogen
doped graphene sheets: graphitic, pyridinic, and pyrrolic graphene [28]. The results of
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first-principles calculations also show that the pyridinic graphene is the most suitable
for lithium ion storage at high capacity [28], and this pyridinic nitrogen would
increase the density of electronic states (DOEs) around the Fermi level and open up
the band gap of graphene [29]. Up to now, there are only a few papers reporting
nitrogen doped graphene sheets as a conductive matrix material for electrode material
deposition [22], and to the best of our knowledge, there have been no reports on
N-doped graphene/TiO2 as anode material for lithium ion batteries

In this study, a composite of TiO2 nanoparticles attached to nitrogen doped
graphene sheets were synthesized as anode material for the lithium ion battery, and
the electrochemical properties were investigated to gain insight into the synergistic
effects from the nitrogen doping on the graphene sheets. The nanosized TiO2 particles
were uniformly distributed on the nitrogen doped graphene sheets and therefore
prevented the restacking of the graphene sheets. The nitrogen doping is proved to
enhance the electrochemical performance of the composite material due to increased
electronic conductivity, faster and easier lithium ion transfer across the graphene
sheets, improved wettability between electrode and electrolyte, and more active sites
provided for lithium storage on the graphene sheets. In addition, the good contact
between TiO2 nanoparticles and the nitrogen doped graphene sheets can further
improve electronic conductivity.
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Figure 5. 1 Schematic drawings illustrating (a) the lithium ions inserting themselves
into the defects on the graphene; (b) lithium ions diffuse through the defects on the
graphene sheet from one side to another or to the side of another graphene sheet.

5.2 Experimental Methods

Graphene oxide (GO) was synthesized from natural graphite powder by a
modified Hummers method [30-31]. 14 mg of the obtained GO was dispersed in 45
mL ethanol by ultrasonication for 0.5 h. 0.24 mL titanium (IV) isopropoxide (97%,
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Aldrich) and 0.5 mL acetic acid (Aldrich) were mixed with 9.5 mL ethanol with
stirring for 0.5 h. Then, the solution containing titanium precursor was added to the
GO solution and then stirred for several hours at 80 oC to ensure a complete
hydrolysis reaction. Subsequently, 0.2 mL hydrazine anhydrous (Aldrich) was added
to the above solution with stirring for 20 min. Then, the solution was transferred into
a Teflon-lined stainless steel reactor and heated at 200 °C for 20 h. After the reaction,
a black powder was collected by centrifugation and washed with de-ionized water and
ethanol several times before drying in an oven at 60 °C overnight. Samples of bare
TiO2, and TiO2/reduced GO (rGO) were also prepared for comparison. The
experimental steps for these samples were the same as for the synthesis of
TiO2/N-rGO, but without the GO for the bare TiO2, and with the replacement of
hydrazine by de-ionized water for TiO2/rGO.

The crystalline phases of the resulting materials were analyzed by powder X-ray
diffraction (XRD, MMA GBC, Australia), which was carried out using Cu Kα
radiation (λ = 1.54056 Å) from 2 = 10° to 80. Thermogravimetric analysis (TGA)
was carried out to determine the carbon content with a TGA/differential scanning
calorimetry (DSC) type instrument (METTLER TOLEDO, Switzerland) at a heating
rate of 10 C min-1 from room temperature to 800 C in air. Transmission electron
microscope (TEM) investigations were performed using a JEOL 2011F analytical
electron microscope (JEOL, Tokyo, Japan) operating at 200 keV. X-ray photoelectron
spectroscopy (XPS) experiments were carried out on a VG Scientific ESCALAB
220IXL instrument using aluminium K X-ray radiation during XPS analysis. Raman
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spectra were collected in the range between 100 and 2000 cm−1.

To prepare the working electrode for electrochemical testing, a slurry was
prepared by thoroughly mixing 80 wt. active material, 15 wt.% acetylene black, and
5 wt.% poly(vinylidene fluoride) (PVdF) in N-methyl pyrrolidinone (NMP) solvent.
The slurry was then spread onto copper foil substrates and dried in a vacuum oven at
120 C for 3 h. The electrochemical tests were carried out on CR2032 coin type cells.
The cells were constructed of lithium foil as anode, the prepared active material on
copper as cathode, microporous polyethylene (Celgard 2400) as the separator, and 1
M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1
by volume) as the electrolyte. The whole assembly process was carried out in an
argon-filled glove box (Mbraun, Unilab, Germany). The charge/discharge cycling was
performed within the voltage range of 1-3 V vs. Li+/Li on a battery test instrument
(CT2001A, KINGNUO, China) at ambient temperature. Electrochemical impedance
spectroscopy (EIS) was conducted by applying a dc potential equal to the open circuit
voltage of the cell, with an amplitude of 5 mV over the frequency range from 100 kHz
to 0.01 Hz.
5.3 Materials Characterization
The crystal structures of TiO2 and of the TiO2/rGO and TiO2/N-rGO composites
were characterized through powder X-ray diffraction, as shown in Figure 5.2. All
three patterns can be indexed to the typical antatase TiO2 structure with space group
I41/amd (JCPDS card No. 21-1272). The strong and sharp peaks of TiO2 show the
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good crystallinity and high purity of the obtained material [7]. In contrast, the
diffraction peaks of the TiO2/rGO and TiO2/N-rGO composites have become broad
and weak, indicating the small crystallite size. By applying Scherrer’s equation to the
(101) peak, the sizes of TiO2, TiO2/rGO, and TiO2/N-rGO particles were estimated to
be 16 nm, 13 nm, and 12 nm, respectively, consistent with the results observed
through the TEM images. It is worth pointing out that there is no peak attributed to
rGO, suggesting that the TiO2 nanoparticles separated the reduced graphene oxide
sheets, preventing them from restacking and destroying the ordered structure [32].
The thermogravimetric analysis reveals that the amount of rGO in both TiO2/N-rGO
and TiO2/rGO composites is about 17% (as shown in Figure 5.3).

Figure 5. 2 Powder XRD patterns of bare TiO2, and TiO2/rGO and TiO2/N-rGO
composites.
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Figure 5. 3 TGA curves of (a) TiO2/rGO and (b) TiO2/N-rGO.

The phases of graphene and TiO2 in the TiO2/rGO and TiO2/N-rGO composites
were further confirmed through Raman spectra collected between 100-2000 cm-1, as
shown in Figure 5.4. The peak at 146 cm-1 is attributed to the Eg vibration mode of
anatase [33]. Besides the Raman-allowed phonon peak of TiO2, there are two peaks
centred at 1333 cm-1, denoted as the D band, corresponding to disordered carbon, and
at 1604 cm-1, denoted as the G band, indicating the in-plane stretching motion of the
symmetric sp2-C band [34]. The intensity ratio of the D band to the G band (ID/IG) is
calculated to show the degree of disorder of the TiO2/rGO and TiO2/N-rGO
composites originating from defects. Note that the intensity ratio for the TiO2/N-rGO
(1.6678) is much higher than that for the TiO2/rGO (1.2339), which indicates that
there are more defects in the rGO after nitrogen doping. It has been reported that the
G band shift in chemically doped graphene provides information on the charge
transfer between the dopants and the graphene [20, 35]. From Figure 5.4(b), it can be
found that there is a redshift of the G peak, from 1604 cm-1 for TiO2/rGO to 1592 cm-1
for TiO2/N-rGO, suggesting that charge transfer has occurred from TiO2 to the
graphene sheets [36]. The Raman band located at 146 cm-1 is attributed to anatase
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phase TiO2 [37].

Figure 5. 4 (a) Raman spectra of TiO2/rGO and TiO2/N-rGO composites, (b) enlarged
G band of TiO2/rGO and TiO2/N-rGO composites.

The typical morphology and structure of the as-prepared TiO2/N-rGO composite
was observed via field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM). It can be seen from Figure 5.5(a) that TiO2
nanoparticles are closely anchored onto the surfaces of the nitrogen doped graphene
sheets. The TEM images shown in Figure 5.5(b) and (c) reveal that the nanoparticles,
which have a size range of 10-15 nm, are uniformly attached on the graphene layers
during the microwave-assisted hydrothermal reaction process. The unique structure
can improve electron transport through the nanoparticles and the graphene sheets, and
thus improve the electrochemical performance of the composite. From TEM
observation of the bare TiO2 (Figure 5.6(a) and (b)), numerous fine nanoparticles with
crystallite size of around 30 nm have grown together. The smaller particle size of
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TiO2/N-rGO indicates that the presence of the graphene sheets could restrain the
growth and aggregation of particles. The SEM and TEM images of TiO2/N-rGO are
shown in Figure 5.7 for comparison. In the high resolution TEM (HRTEM) image
(shown in Figure 5.5(d)), the periodic fringes of graphene and TiO nanoparticles can
be clearly observed, which further confirms the high crystallinity of TiO2. The crystal
lattice fringes with d-spacing of 0.35 nm are characteristic of (101) lattice planes,
which are the most stable and frequently observed in anatase TiO2.

Figure 5. 5 (a) FE-SEM image; (b) and (c) TEM images, and (d) HRTEM image of
TiO2/N-rGO composite.
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Figure 5. 6 (a) FE-SEM and (b) TEM images; (d) HRTEM image of the bare TiO2.

Figure 5. 7 (a) FE-SEM and (b) TEM images; (d) HRTEM image of TiO2/rGO
composite.

The XPS spectra reveal valuable information on the surface composition and
functional groups on the TiO2/N-rGO composite, as shown in Figure 5.8. The Ti 2p
spectrum for the composite comprises two peaks with binding energies of 460.11 eV
and 465.6 eV, attributed to Ti 2p3/2 and Ti 2p1/2, respectively, which are typically Ti4+
in an octahedral environment [7]. The high-resolution XPS spectrum of C 1s in
TiO2/N-rGO can be deconvoluted into three peaks, as shown in Figure 5.8(a), which
are centered at 284.8, 286.2, and 288.7 eV, corresponding to sp2 hybridized carbon,
alcohol or ether carbon, and carboxyl or ester carbon, respectively [38-39]. In the O
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1s XPS spectrum (shown in Figure 5.8(c)), the main peak centered at 530.8 eV is
assigned to oxygen in TiO2 [40], and the other peak at 532.6 eV can be attributed to
ether [38]. In terms of nitrogen, the energy feature at 398.6 eV is ascribed to the
pyridinic N. It was reported that the electron deficiency causes graphene with a high
defect content to have an electron-accepting tendency in the pyridinic structure, which
allows it to store more lithium ions [17, 22, 28].

Figure 5. 8 XPS spectra of all elements of the TiO2/N-rGO sample.

5.4 Electrochemical Characterization

In order to elucidate the effects of the rGO and nitrogen doping on the
electrochemical performance, a series of electrochemical tests have been conducted.
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The rate capabilities of bare TiO2, and the TiO2/rGO and TiO2/N-rGO composites are
shown in Figure 5.9(a). The average reversible capacities of bare TiO2, TiO2/rGO, and
TiO2/N-rGO are 194 mA h g-1, 210 mA h g-1, and 226 mA h g-1, respectively, at a
current rate of 0.2 C. The 1 C applied current was calculated based on the theoretical
capacity of anatase TiO2 for the change to Li0.5TiO2. It is clear that the capacities of
TiO2/rGO and TiO2/N-rGO only slightly decrease with increasing cycle number,
whereas the capacity of bare TiO2 keeps fading from the initial 347.3 mA h g-1 to
154.4 mA h g-1 after 10 cycles. This phenomenon can be ascribed to the good
electronic conductivity induced by graphene, which offers transfer channels for
electrons and inhibits the aggregation of nanosized TiO2 particles. The following
reversible capacities of TiO2/rGO and TiO2/N-rGO composite at different current
rates are 172 mA h g-1 and 187 mA h g-1 at 1 C, 140 mA h g-1 and 148 mA h g-1 at 5
C, 110 mA h g-1 and 128 mA h g-1 at 10 C, and 85 mA h g-1 and 97 mA h g-1 at 20 C,
respectively. The higher capacities for all the three samples at 0.2C than the theoretical value
of TiO2 could be attributed to the further lithium insertion in the surface layer of the obtained
nanostructured particles [41]. For the samples of TiO2/rGO and TiO2/N-rGO, the higher
capacities suggest the existence of additional lithium storage sites in or between the TiO2/rGO
sheets and defects after nitrogen doping, respectively. The rate capability of our

TiO2/N-rGO is better than that of the TiO2-graphene nanocomposite reported by Cai
et al. [42] and the sandwich-like, graphene-based titania nanosheets reported by Yang
et al. [32], as well as the electrospun TiO2-graphene composite nanofibers reported by
Zhang et al. [43]. The comparison of electrochemical performances with references is
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shown in Table 5.1. In addition, the TiO2/rGO and TiO2/N-rGO recover their initial
capacities when the current density returns to 0.2 C, indicating the good reversibility
of both samples. The first cycle galvanostatic discharge/charge profiles for TiO2/rGO
and TiO2/N-rGO composite over the voltage range from 1 to 3 V are shown in Figure
5.9(b). The TiO2/N-rGO exhibits a coulombic efficiency of 70.5% at the initial cycle,
which is higher than that of TiO2/rGO (67.5%). According to the reversible reaction
of anatase TiO2, the coefficient value is 0.5 to form Li0.5TiO2 during the lithium
insertion/extraction process, and the corresponding capacity is 167.5 mA h g-1 [10,
44]. It is worth noting that the discharge capability at the first cycle at a current rate of
0.2 C is 319.4 mA h g-1 and 312.7 mA h g-1, suggesting that lithium rich Li0.95TiO2
phase and Li0.93TiO2 phase have been formed for the TiO2/N-rGO and TiO2/rGO
composite electrodes, respectively. The higher coefficient value indicates the
existence of additional lithium storage sites in the TiO2/N-rGO composite [32], which
arise from the greater amount of defects formed after nitrogen doping. The discharge
plateau at about 1.7 V corresponds to the lithium storage reaction between tetragonal
anatase TiO2 and orthorhombic Li0.5TiO2, whereas the charge plateau at about 2.0 V is
related to the lithium extraction from Li0.5TiO2. In order to further evaluate the
influence of nitrogen doping on the capacity retention properties, a relatively high
current rate of 5 C was applied to the TiO2/rGO and TiO2/N-rGO electrodes. It can be
observed that the capacities of both are almost same value of 175 mA h g-1 in the
initial cycle. With increasing cycle number, the TiO2/rGO composite maintains a
capacity of 145 mA h g-1 for the first 45 cycles and then decreases to 133 mA h g-1 by
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the 70th cycle. In contrast, the TiO2/N-rGO composite still maintain its reversible
capacity of 153 mA h g-1 during the 70 cycles, which is higher and more stable
performance than that of TiO2/rGO. The improved cycling performance of
TiO2/N-rGO compared to TiO2/rGO can be attributed to the nitrogen doping, which
features good interfacial interaction and therefore gives rise to a stronger synergistic
effect between the doped rGO and the TiO2 nanoparticles and the doped rGO than the
bare reduced graphene oxide [15, 45].

To further confirm the effects of nitrogen doping on the remarkable rate
capability, electrochemical impedance spectroscopy (EIS) was carried out at ambient
temperature, and the typical Nyquist plots of bare TiO2, TiO2/rGO, and TiO2/N-rGO
are shown in Figure 5.10. In the high-medium frequency region, the diameter of the
semicircle for TiO2/N-rGO is apparently much smaller than those of the bare TiO2
and TiO2/rGO. The reduced charge-transfer resistance can be attributed to the
enhanced electronic conductivity of the nitrogen doped electrode that originates from
graphene and nitrogen doping, which also improves the electrochemical activity of
TiO2 in the cycling process [32].
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Figure 5. 9 (a) Comparison of rate capability of bare TiO2, and TiO2/rGO and
TiO2/N-rGO composites at various current rates from 0.2 C to 20 C for 10 cycles; (b)
first cycle discharge-charge curves for TiO2/rGO and TiO2/N-rGO composites at a
current rate of 0.2 C; (c) comparison of the cycling performance of TiO2/rGO and
TiO2/N-rGO at a constant current drain of 5 C.
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Table 5. 1 Comparison of electrochemical performances with references.
Published work
Reference

Current
density

This work
Capacity

Current density

Capacity

(mA h g-1)

(mA g-1)

(mA h g-1)

300

150

33.6

205

500

140

168

187

1000

100

840

148

2000

75

1680

128

33.6

180

3360

97

168

165

840

130

1680

120

3360

100

150

140

300

125

600

105

1200

90

1800

70

(mA g-1)
Cai[42]

Yang[32]

Zhang[43]
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Figure 5. 10 Electrochemical impedance spectra of bare TiO2, TiO2/rGO, and
TiO2/N-rGO composites.

5.5 Conclusions

In summary, TiO2/N-rGO composite was obtained through TiO2 nanoparticle
nucleation and growth on nitrogen doped graphene. The graphene sheets not only
prevent the aggregation of TiO2 nanoparticles, but also provide increased electrical
conductivity. The TiO2/rGO and TiO2/N-rGO composites exhibit excellent lithium
storage performance, with high reversible capacity, improved rate capability, and
superior cycling retention compared with bare TiO2. In addition, the nitrogen doping
increases the electronic conductivity of the graphene sheets, stabilizes the TiO2
nanoparticles on the surface of the graphene, and introduces more defects to store
lithium ions. Therefore, this combination strategy enables the TiO2/N-rGO composite
to be a promising anode material for lithium ion batteries.
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6 HOLLOW CARBON SPHERES WITH ENCAPSULATED
GERMANIUM AS AN ANODE MATERIAL FOR LITHIUM ION
BATTERIES
6.1 Introduction

The increasing demand for clean and green energy is currently shifting towards
alternative energy sources such as wind power, tidal power, solar cells, fuel cells, and
batteries.[1] Lithium ion batteries have been considered to be the most promising
energy storage system for portable electrical devices, electric vehicles, hybrid electric
vehicles, etc. [2] Lithium ion batteries are more suitable for such purposes compared
to previous conventional batteries, including metal hydride, alkaline, and lead-acid
batteries, due to their high power density and high energy density. To further satisfy
the demand, much research has been recently focused on high capacity materials.
Group IVA materials have attracted significant interest as anode materials for lithium
ion batteries due to their high theoretical capacity, especially silicon and germanium,
which exhibit high theoretical capacities of 4200 mA h g-1 and 1623 mA h g-1 (4.4 Li+
per silicon or germanium atom), respectively.[3-5] In the case of silicon, its practical
use in commercial application is limited by inferior cycling performance because of
the great volume changes during cycling and the poor rate capability caused by its
inherent low ionic diffusivity and electronic conductivity. Compared to silicon,
germanium can boost the electrical conductivity to two orders of magnitude higher,
and the lithium diffusivity to four orders of magnitude faster.[3, 6] Furthermore, it has
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been proved that the total system energy can be dramatically decreased by the high
adsorption energy of lithium ions on the germanium surface.[5] These outstanding
properties make germanium an excellent candidate anode material for lithium ion
batteries. Like silicon, however, the major drawback of germanium is the large
volume change during lithiation/de-lithiation processes, which results in cracking,
pulverization, and loss of electrode contact, leading to poor cyclability and capacity
fading.[7] Synthesis of nanostructured morphologies, such as nanowires,[4, 7-9]
nanotubes,[5, 10] and nanoparticles,[11] is an effective method to address this issue
by accommodating the volume change, introducing relaxation mechanisms to tolerate
strain, and alleviating the pulverization. Another significant strategy is developing a
carbon-based germanium composite that not only provides a volume expansion buffer
for lithium ion intercalation, but also improves the electrical conductivity of the
material. There are many previous studies that have reported germanium modified by
various carbon sources, for example, nanostructured germanium interconnected by
carbon synthesized by a reduction reaction between amorphous GeO2 and carbon,[12]
single crystalline germanium nanowires sheathed with carbon prepared by a
solid-liquid solution method,[4] self-assembled germanium-carbon nanostructures
obtained through carbon coating and reduction of the oxide precursor,[11] carbon
covered germanium particles embedded into reduced graphene oxide networks,[13]
sandwich-structured C/Ge/graphene composite synthesized by a microwave-assisted
solvothermal reaction and then carbon-coating the surface of the germanium/graphene
precursor.[14] Hollow carbon spheres (HCS) have attracted considerable attention
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because of their promising applications in catalysis, lithium-ion batteries, fuel cells,
supercapacitors, and water treatment.[15-16] Resorcinol-formaldehyde resin (RF) is
considered as one of the most fascinating and versatile carbon precursors for the
designed synthesis of HCS.[17] Moreover, it is reported that cetyl trimethyl
ammonium bromide (CTAB) modified HCS are endowed with a uniform microporous
structure with superior surface properties, which could be beneficial to the
introduction of metal precursors. Therefore, their unique structure makes HCS a good
candidate for synthesizing a composite with germanium encapsulated in carbon
spheres.

Herein, hollow carbon spheres were firstly synthesized using silicon spheres as hard
templates. The carbon spheres were modified by CTAB in the process of RF coating
to obtain a porous structure, which not only increases the contact area between the
electrode and electrolyte, but also facilitates the introduction of the germanium
precursor.

Within

this

architecture,

the

germanium

can

freely

undergo

lithiation/de-lithiation processes without agglomeration due to the protecting scaffold
effect of the carbon spheres and the voids that are formed after the reduction treatment
of the precursor, thus securing the structural and electrical integrity of the electrode
during repeated cycling. This unique encapsulation of germanium in hollow carbon
spheres endows the obtained materials with enhanced electrochemical properties.

6.2 Experimental Methods
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Synthesis of SiO2 spheres: SiO2 spheres were synthesized by a slightly modified
Stöber process.[18] In a typical synthesis, 0.6 mL tetraethyl orthosilicate (TEOS) was
added into a mixture of 63.3 mL isopropyl alcohol, 23.5 mL deionized water, and
13.0 mL ammonium aqueous solution (30%), and then vigorous stirred at room
temperature for 1 h. Then, 5 mL TEOS was added dropwise into the solution at 35 oC
for 2 h. Then, the SiO2 spheres were centrifugally separated from the suspension and
washed with ethanol and deionized water several times before drying in a vacuum
oven at 70 oC overnight.

Synthesis of SiO2@RF core-shell spheres: 1 g of the obtained SiO2 spheres was
homogeneously dispersed in a solution of deionized water (70 mL) and ethanol (28
mL) by ultrasonication for 30 min, followed by the addition of 2.3 g hexadecyl
trimethyl ammonium bromide (CTAB), 0.35 g resorcinol, and 0.1 mL ammonium
aqueous solution, and then stirring at room temperature. The mixed solution was
homogenized for 30 min to form a uniform dispersion. Then, 0.5 mL formaldehyde
solution was added to the dispersion with continuous stirring for 8 h at 35 oC. After
that, the products, the SiO2@RF core-shell spheres, were collected by centrifugation
and washed with ethanol and deionized water five times before drying in a vacuum
oven at 70 oC overnight.

Synthesis of hollow carbon spheres (HCS): The as-prepared SiO2@RF core-shell
spheres were carbonized under argon atmosphere at 350 oC for 1.5 h, followed by a
further annealing treatment at 900 oC for 3 h with a heating rate of 1 oC min-1. Finally,
115

the furnace was left to cool down to room temperature before the obtained SiO2@C
spheres were removed from the tube furnace. After soaking and washing in 3 M
NaOH aqueous solution at 70 oC for 48 h, the as-synthesized SiO2@C core-shell
spheres were converted into HCS.

Synthesis of GeO2@hollow carbon spheres (GeO2@HCS): 0.5 g HCS was sealed in a
two-neck flask, which was then subjected to vacuum for 30 min. Then, 1.5 g
germanium ethoxide was injected into the evacuated flask, stirred for 48 h, and
washed with ethanol two times to remove extra germanium ethoxide before drying in
a vacuum oven at 70 oC overnight.

Synthesis of Ge@hollow carbon spheres (Ge@HCS): The as-prepared GeO2@HCS
sample was reduced to Ge@HCS under 5% hydrogen/argon gas at 650 oC for 10 h
with a heating rate of 5 oC min-1.

Synthesis of GeO2 bulks, GeO2@carbon bulks (GeO2@C bulks), and Ge@carbon
particles (Ge@C particles): GeO2 bulks were obtained by the natural hydrolysis of
germanium ethoxide in a sealed vial for 48 h. Then, the obtained GeO2 bulks were
coated with a carbon layer through carbonization in ethanol vapour in nitrogen at 650
o

C for 3 h with a heating rate of 5 oC min-1 to obtain the GeO2@C bulks. The Ge@C

particles were synthesized by reducing the as-prepared GeO2@C bulks under 5%
hydrogen/argon gas at 650 oC for 10 h with a heating rate of 5 oC min-1.

Characterization: The crystalline phases of the resultant materials were analysed by
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powder X-ray diffraction (XRD, MMA GBC, Australia), which was carried out using
Cu Kα radiation (λ = 1.54056 Å) from 2. = 10 to 80. The morphologies and
structures of the samples were characterized by field-emission scanning electron
microscopy (SEM, JSM-7500FA, JEOL, Japan), and transmission electron
microscopy (TEM) investigations were performed using a JEOL 2011F analytical
electron microscope (JEOL, Japan) operating at 200 keV. Raman spectroscopy was
used to characterize the germanium and carbon using 514 nm laser excitation.
Thermogravimetric analysis (TGA) was carried out to determine the carbon content
with a TGA/differential scanning calorimetry (DSC) type instrument (METTLER
TOLEDO, Switzerland) at a heating rate of 10 oC min-1 from room temperature to 800
o

C in air.

Electrochemical Measurements: To prepare the working electrode for electrochemical
testing, an electrode slurry of Ge@HCS was prepared by thoroughly mixing the active
material, polyacrylic acid, sodium carboxymethyl cellulose, and acetylene black in a
weight ratio of 80:5:5:10 in de-ionized water. For the Ge@C particle sample, the
slurry was made up in a weight ratio of 83.2:4.2:4.2:8.4 in order to keep the same
carbon content as in the Ge@HCS electrode. The resultant slurries were then spread
onto copper foil substrates and dried in a vacuum oven at 150 oC for 3 h. The
electrochemical tests were carried out with CR2032 coin type cells, which were
assembled in an argon-filled golve box(Mbraun, Unilab, Germany). The cells were
constructed of the prepared active material on copper substrate as cathode,
microporous polyethylene (Celgard 2400) as the separator, lithium foil as anode, and
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1.15 M LiPF6 in a ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl
carbonate (DEC) (3:4:3 by volume) as the electrolyte. The charge/discharge cycling
was performed within the voltage range of 0.01-1.5 V vs. Li+/Li on a battery test
instrument (CT2001A, KINGNUO, China) at ambient temperature. The loading
amount of active material for all electrodes was at least 0.9 mg cm-2. The specific
capacities were calculated based on the weight of the composites.

6.3 Materials Characterization

Figure 6. 1 (a) Schematic illustration of the formation process to incorporate the
germanium in the hollow carbon spheres. TEM images of (b) HCS, (c) GeO2@HCS,
and (d) Ge@HCS.

Figure 1 illustrates the general route to synthesize the Ge@HCS composite through
introducing germanium ethoxide into the hollow carbon spheres, followed by a
thermal reduction treatment. In a typical synthetic procedure, the SiO2 template
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spheres are synthesized by a modified Stöber method and then covered with a
uniformed carbon layer transformed from carbonization of the self-assembled RF and
CTAB. After etching with NaOH, the hollow carbon spheres are formed. It is
noteworthy that the participation of the cationic surfactant CTAB plays a significant
role in the surface properties of the silica templates. The cationic CTAB can decorate
the spheres with positive charges by forming a bi-layer structure, which can easily
make the negatively charged RF form a coating on the negatively charged Stöber
silica spheres [19], promoting the following self-assembly of CTAB and RF on the
silica sphere surfaces to form a polymer shell. Importantly, the CTAB modified
polymer shells can be transformed to uniform microporous carbon spheres because of
the elimination of CTAB after the carbonization treatment [20]. Therefore, the
structure features carbon spheres equipped with high dispersibility and discreteness
[21], which can have an affinity with the germanium ethoxide and thus allow it to
penetrate the carbon layer and go into the center of a hollow carbon sphere under
vacuum conditions. After a long stirring over 2 days, the vacuum beaker is gradually
filled with air to ensure that the germanium ethoxide is hydrolyzed to Ge(OH)4 and
then converted to GeO2. The obtained GeO2@HCS undergoes a thermal reduction
treatment and is finally transformed to Ge@HCS.
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Figure 6. 2 TEM images of (a) HCS, the inset shows the carbon layer, (b)
GeO2@HCS, the inset show the carbon layer and electron diffraction pattern,
respectively, and (c) Ge@HCS. (d) Powder X-ray diffraction patterns of the obtained
GeO2@HCS and Ge@HCS samples.

Figure 6.2 (a) and Figure 6.3 contain TEM and SEM images of the SiO2 templates,
which consist of relatively monodisperse nanospheres about 250 nm in size. After the
coating with RF resin and the following carbonization treatment, the hollow carbon
spheres were obtained, which kept their uniform and monodisperse structure, as can
be observed in the SEM and TEM images in Figure 6.4. Germanium ethoxide was
introduced into the carbon spheres under vacuum and converted to GeO2 after a long
stirring process to facilitate a complete hydrolysis and oxidation reaction.
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Figure 6. 3 SEM images of as-prepared SiO2 spheres.

Figure 6. 4 (a, b) SEM images, (c, d) TEM images of as-prepared hollow carbon
spheres.

The vacuum strategy is effective for loading the germanium precursor, which can be
proved from the TEM image shown in Figure 6. 2(b), indicating that the hollow
centers of the HCS were fully occupied by GeO2. SEM images of GeO2@HCS are
shown in Figure 6.5. The electron diffraction pattern, which is the lower inset in
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Figure 6.2(b), reveals the nature of the GeO2, and these visible diffraction rings can be
indexed to hexagonal GeO2 phase, which is consistent with the XRD pattern in Figure
6.2(d). After completion of the thermal reduction process, relatively thinner areas
appeared inside the carbon spheres, which were stems from the produced voids and
pores due to the release of oxygen when GeO2 was reduced to elemental germanium
(See Figure 6. 2(c)). From the SEM images (as shown in Figure 6.6), it can be found
from broken carbon spheres that there are germanium particles inside the carbon
spheres.

Figure 6. 5 SEM images of GeO2@HCS.
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Figure 6. 6 SEM images of Ge@HCS. The inset is an enlarged Ge@HCS sphere.

Figure 6. 7 (a) Low magnification TEM image of Ge@HCS. (b) Energy dispersive
spectroscopy analysis of the Ge@HCS sample (Cu is from the copper grid).

Energy dispersive X-ray spectroscopy (EDS) gives further evidence to confirm the
presence of germanium in the Ge@HCS sample in Figure 6. 7. On the other hand,
GeO2@C particles were synthesized for comparison by natural hydrolysis of the
germanium ethoxide precursor without the presence of HCS under the identical
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synthesis conditions as those for the GeO2@HCS sample.

Figure 6. 8 SEM images of as-prepared GeO2 particles.

Figure 6. 9 (a, b) SEM images, (c, d) TEM images of GeO2@C bulks. (d) is an
enlarged image of the indicated red dashed square of (c). The orange arrow in (d)
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indicates the carbon layer on the surface of the GeO2 bulks.

Figure 6. 10 (a, b) SEM images and (c, d) TEM images of Ge@C particles. (d) is an
enlarged image of the indicated red dashed square in (c). The green and blue arrows in
(c) indicate the voids and germanium particles, respectively. The orange arrow in (d)
indicates the carbon layer on the surface of the germanium particles.

The as-prepared GeO2 bulks (shown in Figure 6.8) were transformed to GeO2/C bulks
after the carbon-coating treatment, and then were further transformed to Ge@C
particles after the thermal reduction process. Images of the morphology of the GeO2/C
bulks and Ge@C particles are shown in Figures 6.9 and 6.10, respectively.
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X-ray diffraction (XRD) was applied to characterize the crystal structures of the
obtained GeO2@HCS and Ge@HCS samples, as shown in Figure 6. 2(d). All the
reflection peaks of the GeO2@HCS are well indexed to the hexagonal phase of GeO2
(JCPDS card No. 36-1463). The hexagonal phase is converted to diamond cubic phase
(Ge) (JCPDS card No. 40-0545) after the reduction treatment. No peaks
corresponding to carbon were detected in the pattern, which could be attributed to
their overlapping with the (111) peak of germanium at around 27.

Figure 6. 11 Raman spectra of a) Ge@C particles and b) Ge@HCS with their
corresponding GeO2 precursors. The 294 cm-1 peak corresponds to the vibrations of
crystalline Ge, and the peaks detected at 1345 and 1605 cm-1 are related to the D and
G bands of carbon. All the peaks of the GeO2 precursors can be indexed to the
characteristic GeO2 vibrations.

Further structural information is provided by the Raman spectra, as shown in Figure
6.11. The peak located at 294 cm-1 is attributed to the optical mode of crystalline
germanium. Moreover, there is a strong D band at 1345 cm-1 indicating the presence
of defects, and a G band at 1605 cm-1 that is attributable to the E2g vibrational mode
126

for the sp2 domain [22]. The carbon content of the Ge@C particles and Ge@HCS
composites was determined by thermogravimetric analysis (TGA), with the results
shown in Figure 6.12. The calculated values are 11.9 wt% and 10.3 wt%, respectively.

Figure 6. 12 TGA curves of (a) Ge@C particles, (b) Ge@HCS composite.
6.4 Electrochemical Characterization

The hollow carbon spheres encapsulating germanium with structural stability can
offer excellent lithium storage performance, and the results are shown in Figure 3. For
comparison, the cycling performances of Ge@C particles and Ge@HCS electrode are
exhibited in Figure 3(a) up to 100 cycles at the rate of 0.4 C. The current density for
the 1 C rate is 1600 mA g-1. The Ge@HCS electrode delivers a significantly high
specific capacity of about 1455 mA h g-1 at the first cycle, corresponding to the quite
high specific capacity of 1617 mA h g-1 for germanium alone, which is very close to
the theoretical capacity of germanium. The capacity remains almost constant after the
fifth cycle. On the other hand, it can be observed that the Ge@C particle electrode
shows very fast capacity fading with only a negligible specific capacity value of 185
mA h g-1 at the 100th cycle. The rate capability of the Ge@HCS electrode was
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evaluated at various current rates, and the obtained results are shown in Figure 3(b)
(charging at 0.1 - 20 C and discharging at 0.2 C). The Ge@HCS shows much
enhanced rate performance compared to the Ge@C particle sample at all current rates.
There was a negligible capacity drop when the charging current was increased from 1
C to 3 C. The discharge capacity was 1153.3 mA h g-1 at the 10th cycle at the rate of
0.1 C, 953 mA h g-1 at the 50th cycle at 5 C, and 878.9 mA h g-1 at the 60th cycle at the
rate of 10 C. Even at the high rate of 20 C, the specific capacity remained 772.5 mA h
g-1, which is still 67% of its capacity at 0.1 C. Importantly, the specific capacity
reached a value of 1140 mA h g-1 after the high rate measurement and therefore
almost recovered, implying their good reversibility. In contrast, an extremely low
capacity of only 20 mA h g-1 was obtained from the Ge@C particle sample at the rate
of 20 C. The fast capacity fading and poor capacity recovery of the Ge@C particles
are probably ascribe to the pulverization of germanium particles induced by the
unavoidable volume changes during the alloying/de-alloying processes, leading to the
loss of electrical contact. Figure 3(c) shows the corresponding galvanostatic voltage
profiles of the Ge@HCS composite electrode in the 1st, 2nd, 12nd, 22nd, 32nd, 42nd, 52nd,
and 62nd cycles at different rates, showing that all lithium ion insertion and extraction
processes are spread over a relatively broad voltage range, and therefore, are also
separated temporally.
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Figure 6. 13 (a) Cycling performance of the Ge@C particles and the Ge@HCS
sample at 0.4 C current rate over 100 cycles. (b) Comparison of rate capability of
Ge@C particles and Ge@HCS sample at different current densities (charging rates
from 0.1–20 C, with discharge at 0.2 C). (c) Galvanostatic charge–discharge profiles
of the Ge@HCS composite at different current densities from 0.1–20 C
(corresponding to (b)).
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The much improved cycling stability and rate capability of the Ge@HCS sample may
be ascribed to the distinct structure and morphology, which offer the following
benefits. Firstly, the hollow carbon spheres can function as a physical matrix to
effectively prevent the germanium cores from coalescing into a bulk during
lithiation/de-lithiation processes, and also protect the germanium cores against
pulverization. Secondly, the germanium cores are interconnected by the shells of the
carbon spheres, forming an effective and continuous conductive network to
significantly facilitate the diffusion and transport of lithium ions even at high current
rates. Thirdly, the inherently porous nature of Ge@HCS with many voids can ensure a
high contact area between the electrolyte and electrode materials, and thus facilitate
the transport and diffusion of lithium ions. More importantly, the porous property can
endow the composite with free space to accommodate the volume changes in the
germanium during the lithium ion insertion/extraction processes, thus maintaining the
structural integrity of the electrode.

6.5 Conclusions

In summary, a novel composite consisting of hollow carbon spheres with encapsulated
germanium was first synthesized through infiltrating the germanium precursor into the
carbon spheres, which were obtained by carbonization of a CTAB modified RF resin
coating on silicon template spheres, followed by etching the templates. The cationic
surfactant CTAB served as a soft template for mesostructured RF resin formation,
resulting in a porous carbon shell, which facilitates the access of the germanium
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precursor to its hollow center. The obtained Ge@HCS material shows excellent
electrochemical properties, which can be attributed to the unique morphology and
structure. The voids and vacancies that are formed after the shrinkage of GeO2 to form
germanium

can

effective

accommodate

the

volume

changes

during

the

lithiation/de-lithiation processes, enabling structural integrity and continuity.
Meanwhile, the carbon spheres can serve as a network of electronic pathways, which
could increase the kinetics of lithium reactions. The strategy of encapsulating
germanium in HCS could offer a new method for developing anode electrodes with
high performance.
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7 UNIQUE SANDWICH-STRUCTURED
CARBON/GERMANIUM/GRAPHENE NANOCOMPOSITE AS
ANODE MATERIAL FOR HIGH POWER LITHIUM ION
BATTERIES
7.1 Introduction

Recently, the increasing demands on portable and flexible electronic devices have
pushed the development of lithium ion batteries with high energy density and power
density. Among the electrode materials that have been studied, group IVA materials,
including silicon, germanium, and tin, have attracted extensive attention due to their
high theoretical lithium-storage capacities.[1-2] Compared to silicon, germanium has
400 times faster lithium diffusivity [3] and 104 times higher electrical conductivity
[4-5] due to its smaller band gap of 0.6 V.[6] It has been proved that the high
adsorption energy and low diffusion energy barrier for lithium on the Ge (111) plane
could enhance the electrochemical kinetics and decrease the total energy of the
system.[7] Therefore, germanium is a promising anode material for lithium ion
batteries. Nevertheless, germanium undergoes large volume changes and progressive
agglomeration during the lithium intercalation/de-intercalation, with a volume
expansion of over 300% [8-9] after the full lithiation process (as each Ge atom can
accommodate 4.4 Li atoms, leading to the formation of Li22Ge5 alloy). The stresses
generated in the process of alloying/de-alloying result in cracking and pulverization of
the germanium electrode, and thus a loss of electrical contact and a rapid capacity
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fade upon cycling.[10]

To circumvent the problem, the strategy of using nanosized structures,
nanoparticles,[11] nanowires,[12-15] and nanotubes,[7, 13] for example, has been
applied to reduce the effects of volume change during charging/discharging in order
to improve the cycling stability of the germanium electrodes.[16] In addition, highly
porous germanium was fabricated to facilitate lithium ion diffusion at the interfaces
between the electrolyte and the active materials, and therefore improve the
electrochemical performance.[17] Moreover, germanium alloys such as vertically
aligned Si/Ge double-layered nanotube arrays [7] and Sn78Ge22@carbon core-shell
nanowires [4] showed improved cycling stability due to the reduced maximum hoop
strain and lowered activation energy barrier for lithium ion diffusion. The synthesis of
these composite materials is always complex and laborious, however, requiring
templates and multiple steps.[7]

Carbon coating is a common strategy for the group IVA based anode materials to not
only suppress the large volume changes and agglomeration from lithium ion
intercalation/de-intercalation, but also improve the electrical conductivity of the
electrode.[18-22] In our previous research work, a facile synthesis method was
reported for fabricating a series of germanium-based materials, such as Ge/C
nanostructures,[23] GeO2/Ge/C nanocomposites,[24] and hollow ellipsoidal Ge@C
nanostructures,[25] via carbon coating and reduction of the oxide precursors. More
importantly, we found that the particle size of the germanium oxide precursor
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significantly affects the cycling stability and rate capability. With the nanostructured
Ge/C (particles around 30 nm in size),[23] the electrode exhibited an excellent
reversible capacity of 480 mA h g-1 at a high rate of 40 C, whereas the reference Ge/C
(particles about 700 nm in size) showed poor capacity retention when the rate was
increased to 5 C and above. Therefore, we believe that very fine germanium
nanoparticles, uniform carbon coating, and less or no aggregation of these
nanoparticles are the key conditions to achieve germanium-based anode with
excellent electrochemical performance.

Furthermore, it has been reported that the agglomeration of particles results in poor
electrochemical performance because of the increased diffusion length for lithium
ions.[11] Therefore, in this work, graphene has been chosen as a matrix to prevent the
growth and aggregation of GeO2 particles during microwave-assisted solvothermal
synthesis. Furthermore, graphene has excellent mechanical properties which can
buffer

the

volume

expansion

of

germanium

during

lithium

ion

intercalation/de-intercalation. In addition, graphene provides rapid access for
electrons and allows good transportation of lithium ions between the active material
and the electrolyte.[26-30] In order to further improve the cycling stability of the
composite electrode, a uniform carbon layer is coated on the surface of the
germanium-graphene hybrid precursor by thermal decomposition of acetylene gas.
Further thermal reduction of the precursors results in the formation of a sandwich
structure, where the germanium particles are located between graphene sheets and
carbon layers with void space surround the germanium particles, which could
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effectively accommodate the volume expansion of germanium during lithium
intercalation. The electrochemical performance of this sandwich structured
C/Ge/graphene was evaluated and showed promising results.

7.2 Experimemtal Methods

Graphene oxide (GO) was synthesized from natural graphite powder by a modified
Hummers method.[31-32] 46 mg of the obtained GO was dispersed in 50 mL of
anhydrous ethanol by ultrasonication for 0.5 h. 1.072 g (5 mmol) GeCl4 was added to
5 mL anhydrous ethanol and left to stir for 5 minutes. Then, the GeCl4/ethanol
solution was added into the as-obtained GO/ethanol solution and left to stir for
another 10 minutes. Finally, 30 mL of the resultant mixed solution was transferred
into a Teflon-lined autoclave and then irradiated with microwaves at 180 oC for 20
minutes at a fast heating rate of 30 oC min-1. After the solvothermal reaction, a black
powder, consisting of GeO2/graphene, was collected by centrifugation and washed
with ethanol and de-ionized water several times before drying it in a vacuum oven at
70 oC overnight. GeO2 was also synthesized using the same procedure without the
addition of GO.

The carbon coating and subsequent reduction processes for the obtained
GeO2/graphene composite were carried out in a tube furnace under flowing acetylene
and hydrogen gas, respectively. In a typical experiment, the GeO2/graphene was
placed in an alumina crucible in the central part of the heating zone. Vacuum was
applied to eliminate air, and the tube was then filled with pure argon gas. The tube
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furnace was heated to 650 oC at a speed of 5 oC min-1, and a 10% acetylene gas/argon
gas mixture was passed through at 200 mL/minute. After 30 minutes of reaction at
650 oC, the acetylene/argon mixture was replaced by 5% hydrogen/argon gas and
further reacted for 2 hours to thoroughly reduce the germanium oxide and graphene
oxide sheets. Finally, the furnace was left to cool down to room temperature before
the samples were removed from the tube furnace. The carbon coating and reduction
process, and a schematic diagram of the sample evolution are presented in Figure 7.1.
Samples without graphene (Ge/C) and samples without carbon coating (Ge/graphene)
were also prepared for comparison.

The crystalline phases of the resulting materials were analyzed by powder X-ray
diffraction (XRD, MMA GBC, Australia), which was carried out using Cu Kα
radiation (λ = 1.54056 Å) from 2. = 10 to 80. Thermogravimetric analysis (TGA)
was carried out to determine the carbon content with a TGA/differential scanning
calorimetry (DSC) type instrument (METTLER TOLEDO, Switzerland) at a heating
rate of 10 oC min-1 from room temperature to 800 oC in air. The morphologies and
structures of the samples were characterized by field-emission scanning electron
microscope (SEM, JSM-7500FA, JEOL, Japan), and transmission electron
microscope (TEM) investigations were performed using a JEOL 2011F analytical
electron microscope (JEOL, Japan) operating at 200 keV. X-ray photoelectron
spectroscopy (XPS) experiments were carried out on a VG Scientific ESCALAB
2201XL instrument using aluminium K X-ray radiation during XPS analysis.
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To prepare the working electrode for electrochemical testing, electrode slurry of
C/Ge/graphene was prepared by thoroughly mixing the active material, sodium
carboxymethyl cellulose, polyacrylic acid, and acetylene black at a weight ratio of
80:5:5:10 in de-ionized water. For the Ge/C sample, the slurry was made at a weight
ratio of 62:5:5:28 in order to keep the same carbon content as in the C/Ge/graphene
electrode. The resultant slurry was then spread onto copper foil substrates and dried in
a vacuum oven at 150 oC for 3 h. The electrochemical tests were carried out with
CR2032 coin type cells. The cells were constructed of lithium foil as anode, the
prepared active material on copper as cathode, microporous polyethylene (Celgard
2400) as the separator, and 1.15 M LiPF6 in a mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC), and diethyl carbonate (DEC) (3:4:3 by volume) as the
electrolyte. The whole assembly process was carried out in an argon-filled glove box
(Mbraun, Unilab, Germany). The charge/discharge cycling was performed within the
voltage range of 0.01-1.5 V vs. Li+/Li on a battery test instrument (CT2001A,
KINGNUO, China) at ambient temperature. Electrochemical impedance spectroscopy
(EIS) was conducted by applying a dc potential equal to the open circuit voltage of
the cell with an amplitude of 5 mV over the frequency range from 100 kHz to 0.01 Hz.
The loading amount of active material for all electrodes was at least 0.9 mg cm-2. The
specific capacities were calculated based on the weight of composites, i.e. C/Ge,
C/Ge/graphene or Ge/graphene.
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Figure 7. 1 Schematic illustration of (a) GeO2/graphene, (b) C/Ge/GeO2/graphene,
and (c) C/Ge/graphene composites. First, GeO2/graphene composite was synthesized
by a microwave-assisted solvothermal reaction. Then, a uniform carbon layer was
coated on the surface of the precursor to form C/Ge/GeO2/ graphene by the
decomposition and partial reduction of acetylene gas. After a reduction treatment by
hydrogen gas, a uniquely structured material consisting of metallic germanium
nanoparticles between graphene sheets and carbon layer was obtained.
7.3 Materials Characterization
A pure graphene sample was prepared for comparison (The X-ray diffraction (XRD)
patterns for GO are shown in Figure 7.2.), and the experimental steps were the same
as for the synthesis of GeO2/graphene composite, but without the GeCl4/ethanol
solution. From the XRD patterns, the characteristic (002) peak shifted from 11.4° for
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GO to 24.1° for graphene, which indicates that the GO can be reduced during the in
situ solvothermal reaction. The interplanar spacing corresponding to the (002) peak of
graphene (0.38 nm) is larger than that of standard graphite (0.34 nm),[33] giving
evidence that oxygen-containing functional groups have been generated, providing
additional intercalation sites for accommodation of lithium ions and therefore
promoting enhanced electrochemical performance.[34-35]

Figure 7. 2 Powder X-ray diffraction patterns of graphene oxide and graphene.
In order to confirm the results of the thermal carbon decomposition, XRD testing was
conducted (shown in figure 7.3) on the precursors of the carbon-coated
GeO2/graphene and GeO2, which were prepared by the same experimental steps as for
C/Ge/graphene and Ge/C, but with no reduction treatment by hydrogen gas. The
results showed that both precursors were mixtures of germanium and GeO2, indicating
that GeO2 was partially reduced by the acetylene gas in the carbonization process.
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Figure 7. 3 Powder X-ray diffraction patterns of (a) GeO2/graphene and (b) GeO2
after 30 minute carbon coating.

The distribution of GeO2 nanoparticles on the graphene sheets synthesized using the
microwave-assisted solvothermal method can be observed from the SEM images of
the GeO2/graphene sample (see Figure 7.4(a-b)). The GeO2 nanoparticles were found
to be anchored on the graphene sheets and uniformly distributed. From TEM analysis
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shown in Figure 7.4(c) and (d), the observed GeO2 nanoparticles are composed of
clusters of small particles 20-30 nm in size. Higher magnification images and electron
diffraction patterns could not be obtained from the TEM due to the deformation of the
GeO2 under focused electron beam irradiation. When the GeO2 was synthesized
without the presence of graphene, large hexagonal shaped particles were formed
(shown in Figures 7.5 and 7.6), even though the synthesis conditions were identical.
From the SEM images, it can be found that the obtained GeO2 sample has bigger
hexagonal-like particles about 2 μm in size, with several small GeO2 particles
(300-500 nm in size) attached to their surfaces. The particles are significantly bigger
than those in the GeO2/graphene sample (where the particle size is 20-30 nm). The
globular structure of the particles is maintained after the carbonization and reduction
treatments, as is shown in Figure 7.5(c) and (d). Note that there are several holes in
the carbon layer, however, which stem from the relatively large amount of oxygen
released from the agglomerated GeO2 precursor during the reduction treatment. Under
the carbon layer, the germanium nanoparticles are 70-100 nm in size. This indicates
that graphene provides anchoring sites for GeO2 and effectively hinders aggregation
and further growth of GeO2 nanoparticles.
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Figure 7. 4 (a) and (b) SEM images, and (c) and (d) TEM images of GeO2/graphene
composite. The purple arrow in (d) indicates the GeO2 nanoparticles.
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Figure 7. 5 SEM images of (a) and (b) GeO2; (c) and (d) Ge/C. (d) is an enlarged
image of the indicated area of (c). The green and orange arrows, and the red circles in
(d) indicate the germanium nanoparticles, the carbon layers, and the holes in the
carbon layer, respectively.

145

Figure 7. 6 TEM images of (a) GeO2; (b), (c), and (d) Ge/C. (c) and (d) are enlarged
images of the indicated areas of (b). The purple and red arrows in (c) indicate the
germanium nanoparticles and the carbon layer, respectively.

Figure 7.7 shows SEM and TEM images of the GeO2/graphene after carbon coating
and thermal reduction treatments (C/Ge/graphene). The SEM image in Figure 7.7(a)
shows that the morphology of the GeO2/graphene precursor is maintained. At lower
resolution, C/Ge/graphene and GeO2/graphene look identical, while at higher
resolution (shown in Figure 7.8(a)), the germanium particles on the graphene sheets
appear to be porous, which is further confirmed by the TEM image of the
C/Ge/graphene composite that is shown in Figure 7.7(b). As can be seen from Figure
7.7(c) and (d), a carbon shell is formed in a shape similar to that in the GeO2 precursor.
The particles inside the shell appeared to have shrunk, however, and voids are
146

observed. This is due to the reduction of GeO2 to elemental germanium, where
oxygen is released. In the high-resolution transmission electron microscope (HRTEM)
image shown in Figure 7.9, the crystal lattice fringes with d-spacing of 0.33 nm are
characteristic of the (111) lattice planes of the cubic germanium, and the germanium
nanoparticles are wrapped (sandwiched) between graphene sheets and a thin layer of
amorphous carbon (3-5 nm). Furthermore, the morphology of the sample without the
carbon coating (Ge/graphene) was also investigated and is shown in Figure 7.10. The
germanium particles appear to be attached to the graphene sheets. When compared to
the C/Ge/graphene, however, the individual particle size of the Ge/graphene appears
to be larger. This could be due to the role of the carbon coating, which can prevent
aggregation of neighboring particles during the reduction process.
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Figure 7. 7 C/Ge/graphene composite: (a) SEM image; (b), (c), and (d) TEM images.
(d) is an enlarged image of the circled area in (c). The purple and red arrows in (d)
indicate the germanium nanoparticles and the carbon layer, respectively.

Figure 7. 8 SEM images at different magnifications of C/Ge/graphene composite.
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Figure 7. 9 High-resolution TEM image of C/Ge/graphene composite, indicating the
strongly crystalline nature of a germanium nanoparticle attached on a graphene sheet.
The carbon layer around the germanium particle can be clearly observed to be 3-5 nm
in thickness.

Figure 7. 10 (a) and (b) SEM images, (c) and (d) TEM images of Ge/graphene
composite. The purple arrow in (d) indicates the Ge nanoparticles.
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The crystal structures of the GeO2, GeO2/graphene, Ge/C, Ge/graphene, and
C/Ge/graphene samples were characterized by X-ray diffraction (XRD), as shown in
Figure 7.11 and Figure 7.12(a). All the reflection peaks of the GeO2/graphene are well
indexed to hexagonal phase of GeO2 (JCPDS card No. 36-1463). After the reduction
treatment, the hexagonal phase is converted to diamond cubic phase (Ge) (JCPDS
card No. 40-0545). There are no peaks corresponding to carbon that can be detected in
the pattern, which could be attributed to their overlapping with the (111) peak of
germanium at around 27. Raman spectroscopy (Figure 7.12(b)) was applied to
analyze the chemical bonding in the composites due to its high sensitivity to
electronic structure [36]. For the GeO2/graphene precursor, the band at 445 cm-1
corresponds to the symmetric Ge-O-Ge stretching.[23] The peak at 302 cm-1 is
attributed to the optical mode of crystalline germanium, which shows a small
blue-shift compared to the reported value of 298 cm-1 [11, 16, 37], indicating the
interaction between the germanium and the carbon material.[38] Besides, there is a
strong D band at 1333 cm-1 related to the presence of defects, as well as a G band at
1601 cm-1 that is ascribed to the E2g vibrational mode for the sp2 domain.[39] There is
a shift of the G peak which can be observed after carbon coating, from 1598 cm-1 for
GeO2/graphene and Ge/graphene to 1601 cm-1 for C/Ge/graphene and 1604 cm-1 for
Ge/C. Combining this with the blue-shift of Ge-Ge stretching, we believe that charge
transfer has occurred between germanium and the carbon components, including both
the graphene sheets and the carbon layer, [11, 16, 37, 40] indicating that the
germanium nanoparticles are not just physically connected to the graphene sheets and
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carbon layer, but interact with the carbon network, including both the graphene and
the carbon layer, by the formation of bonds.[40] XPS measurements provide direct
information on the element distribution and chemical composition of the surface layer
of the obtained composites, as shown in Figure 7.12(c). For the GeO2/graphene
precursor, the characteristic peak of Ge 3d at 32.6 eV is assigned to the Ge 3d Ge-O
bonds. After reduction treatment, the characteristic peak of zero-valence germanium
appears at the binding energy of 29.5 eV. The C 1s XPS spectrum of GeO2/graphene
(Figure 7.12(d)) can be deconvoluted into three peaks. The main peak at 284.5 eV can
be assigned to sp2 hybridized C atoms in the graphene, while the higher energy peaks
arise from C-OH at 286.2 eV and C=O at 288.6 eV.[36, 41] These kinds of
oxygen-containing groups could provide suitable attachment sites for anchoring Ge4+
ions on graphene sheets. After carbon coating, the C-OH and C=O peaks fade away,
whereas the C-C bonds become dominant, with a small tail peak in the higher binding
energy region. Peaks also appear at 285.5 and 289.8 eV, which can be attributed to sp 3
hybridized C and COOH, respectively. The disappearance of C-OH in the composite
might suggests that the formation of C-O-Ge bonds originates from substitution for
hydrogen by Ge4+.[40, 42] The atomic ratio of germanium to carbon elements can be
calculated through the rough stoichiometry according to the XPS spectrum, and the
ratios for GeO2/graphene and C/Ge/graphene are 21.81 mol % and 1.63 mol %,
respectively. The low germanium to carbon ratio for C/Ge/graphene can be attributed
to the uniform carbon coating on the surface of the composite that is created by the
thermal carbonization process. Furthermore, the ratio of the oxidized carbon to the
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non-oxygenated carbon decreases from 31.96% for GeO2/graphene to 8.10% for
C/Ge/graphene, indicating that less oxygen-containing groups exist on the surface of
the composite after the carbon coating and reduction processes. For comparison, XPS
spectra with curve fittings of C 1s spectra of (a) Ge/C and (b) Ge/graphene
composites are shown in Figure 7.13. The C 1s XPS spectra of both Ge/C and
Ge/graphene can be deconvoluted into three peaks. The main peak at 284.5 eV can be
assigned to sp2 hybridized C atoms in the graphene, while the higher energy peaks
arise from sp3 hybridized C at 285.7 eV and C=O at 288.5 eV for Ge/C, and C-O-C at
287.1 eV for Ge/graphene.[36, 41] The ratio of germanium to carbon elements is 2.98
and 13.71 mol% for Ge/C and Ge/graphene, respectively. In addition, the ratio of
oxidized carbon to non-oxygenated carbon is calculated to be 12.21 mol % and 33.39
mol % for Ge/C and Ge/graphene, respectively. The carbon content of the
GeO2/graphene precursor, C/Ge/graphene, and Ge/C composites were investigated by
thermogravimetric analysis (TGA), and the calculated values are 19.6 wt %, 10.1
wt %, and 30.3 wt %, respectively, as shown in Figure 7.14.
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Figure 7. 11 Powder X-ray diffraction pattern of GeO2 precursor.

153

Figure 7. 12 Powder X-ray diffraction patterns of the samples; (b) Raman spectra,
with the inset shows an enlargement of the D and G bands; (c) XPS spectra of Ge 3d
element peaks of Ge/C, Ge/graphene, and C/Ge/graphene composites; and (d) curve
fittings of C 1s XPS spectra of GeO2/graphene precursor and C/Ge/graphene
composite.

154

Figure 7. 13 XPS spectra with curve fittings of C 1s spectra of (a) Ge/C and (b)
Ge/graphene composites
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Figure 7. 14 TGA curves of (a) GeO2/graphene composite, (b) C/Ge/graphene and
Ge/C composites.

7.4 Electrochemical Characterization

The electrochemical properties of Ge/C, Ge/graphene, and C/Ge/graphene composites
as potential anode materials for lithium ion batteries were investigated, and the results
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are shown in Figure 7.15. Figure 7.15(a) presents the rate capability of the three
composites at different current rates (charging at 0.2-40 C and discharging at 0.4 C).
The current density of 1 C rate is 1600 mA g-1. The C/Ge/graphene composite showed
the best rate capability. There was a negligible capacity drop when the charging
current was increased from 0.2 C to 5 C. The discharge capacity was 1015.3 mA h g-1
at the 10th cycle at the rate of 0.2 C, and 1007.6 mA h g-1 at the 30th cycle at the rate
of 5 C. It is noteworthy that the superior rate capability of the C/Ge/graphene
composite is more evident at higher charge/discharge rates. Even at the high rate of 20
C, the specific capacity remains 746.3 mA h g-1, which is still 68% of its capacity at
0.2 C. When the rate was returned to 0.2 C, the specific capacity recovered to 1020.6
mA h g-1, indicating the good reversibility. The differential capacity plots of
C/Ge/graphene composite at the 2nd and 72nd cycles at the 0.2 C rate are shown in
Figure 7.16. The Ge/graphene sample showed poorer capacity retention than the
C/Ge/graphene when the rate was increased to 10 C and above. As for Ge/C, the
electrode presented the worst rate capability compared to C/Ge/graphene. A capacity
of 98 mA h g-1 was delivered at a current rate of 5 C, with an extremely low retention
of 9.7%.

Figure 7.15(b) shows the charge/discharge profiles of the C/Ge/graphene composite
electrode in the 2nd, 11th, 21st, 31st, 41st, 51st, and 61st cycles at different rates. The
corresponding differential plots of C/Ge/graphene at different cycles are shown in
Figure 7.15(c). From the discharge curve of the second cycle, the lithiation peaks
appeared at about 0.55, 0.37, and 0.15 V, corresponding to the formation of Li9Ge4,
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Li7Ge2, Li15Ge4, and Li22Ge5.[8, 43] The peak at 15 mV is characteristic of graphene
lithiation.[44] Figure 7.15(d) shows the cycling performance and the coulombic
efficiency of the C/Ge/graphene, Ge/graphene, and Ge/C composites. The
C/Ge/graphene composite exhibits a discharge capacity of 1578 mA h g-1 at the first
cycle for a charging rate of 1 C and a discharging rate of 0.4 C, which is close to the
theoretical capacity of germanium. The high initial capacity is attributed to the large
electrochemically active surface area of graphene and the carbon layer, and/or the
grain boundary area of germanium nanoparticles.[28] There is no significant capacity
fade from the second discharge cycle. The capacity still remains 992.8 mA h g-1 after
160 cycles, corresponding to 86.4% of the capacity at the second cycle. For the
sample of Ge/graphene, there was an obvious capacity fading after 90 cycles, and the
specific capacity dropped to 643.9 mA h g-1 at the 160th cycle, which is 64% of the
capacity at the second cycle. The electrochemical performance of our C/Ge/graphene
is better than that of the Ge NPs/GR nanocomposites reported by Cheng et al.,[9] the
Ge-RGO hybrids reported by Park et al.,[45] as well as the Ge@C/RGO
nanocomposite reported by Guo et al..[16] The inferior electrochemical performance
of Ge/graphene compared to C/Ge/graphene can be ascribed to the detachment of
germanium or LixGe on the graphene sheets after prolonged cycling through the
charge/discharge processes. The large volume changes of germanium during
alloying/de-alloying not only contribute to the peeling off of nanoparticles from the
graphene sheets but also towards pulverization of the electrode (as shown in Figure
7.15(e)).The capacity of Ge/C dropped dramatically with increasing cycle number,
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with a value of 44.5 mA h g-1 at the 100th cycle. The poor cycling stability is due to
the germanium particles, which tend to aggregate, and the inherently insufficient
carbon layer cannot maintain integrity during alloying/de-alloying as (shown in
Figure 7.17), resulting in poor rate capability and cycling performance. Specifically,
after carbonization and reduction treatments of GeO2, germanium precursor
nanoparticles were covered by a carbon layer with several holes in it (Figure 7.5).
They also aggregated away from the inner surface of the carbon shell (Figure 7.6),
forming an extra space between the germanium nanoparticles and the carbon shell for
absorbing volume expansion during lithiation. This incomplete carbon layer is not
inherently robust and flexible enough, however, to accommodate the large volume
changes in the germanium nanoparticles during the alloying/de-alloying process,
especially for the inner nanoparticles, so that it bursts into fragmented carbon pieces.
Therefore, the germanium or LixGe nanoparticles that are formed lose their
attachment to each other, and thus are prone to peel off from the broken parts of the
carbon layer as lithiation/de-lithiation processes continue, resulting in inferior
electrochemical performance.
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Figure 7. 15 Comparison of rate capability of Ge/C, Ge/graphene, and C/Ge/graphene
composites at different current densities: (a) charging rates from 0.2-40 C, with
discharge at 0.4 C, (b) galvanostatic charge/discharge profiles of C/Ge/graphene
composite at different current densities from 0.2-40 C (corresponding to (a)), (c)
differential capacity plots of C/Ge/graphene at different cycles. (d) Cycling
performance and coulombic efficiency of Ge/C, Ge/graphene, and C/Ge/graphene
composites at the charging rate of 1 C and discharging rate at 0.4 C. (e) Schematic
illustration of the mechanically robust and flexible matrix composed of the graphene
sheets and carbon coating during lithiation/de-lithiation of C/Ge/graphene, compared
to the peeling off of the LixGe formed in the Ge/graphene composite after cycling.
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Figure 7. 16 Differential capacity plots of C/Ge/graphene composite at the 2nd and
72nd cycle at the 0.2 C rate.

Figure 7. 17 Schematic illustration of (a) the synthesis process for Ge/C composite,
(b) the morphology of Ge/C after several cycles of lithiation and de-lithiation.
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Figure 7. 18 SEM images of C/Ge/graphene electrode after 160 charge/discharge
cycles. The green and orange arrows indicate the germanium nanoparticles and carbon
layer, respectively.

After charging and discharging for 160 cycles, it can be found that there is a wrinkled
carbon shell (including graphene and carbon layer) on the surface of germanium
nanoparticles. The highly flexible graphene and uniformly coated carbon layer are
robust enough to not only accommodate the volume change during the lithium
intercalation and deintercalation, but also maintain the structural integrity of the
electrode. We believe that the excellent electrochemical performance

of

C/Ge/graphene is attributable to the unique sandwich structure. Firstly, the small size
(20-30 nm) and uniform distribution of germanium nanoparticles between the
graphene and the carbon layer framework promote fast lithium ion diffusion due to
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the shortened transport length. Secondly, the electrical conductivity of the composite
material is enhanced as a result of the participation of graphene and the additional
carbon coating in forming a conductive network. Thirdly, the high structural stability
of the composite material owing to the synergistic effects of the graphene sheets and
carbon layer which sandwich the germanium nanoparticles protects them from peeling
off and further pulverization. This kind of unique structure is specifically beneficial to
the increase of electrochemical performance for the group IVA materials, which
undergo a large volume change during the alloying/dealloying process, by preventing
the direct exposure of the embedded metal nanoparticles to the electrolyte as
reported.[46] Moreover, the voids that appear around the germanium nanoparticles
after reduction treatment can provide free space for volume expansion.
7.5 Conclusions
In summary, C/Ge/graphene composite was synthesized by a microwave-assisted
solvothermal reaction, and then a carbon coating layer was introduced on the surface
of the germanium graphene precursor, which was then subjected to a reduction
treatment. The as-obtained composite revealed a uniform distribution of very fine
germanium nanoparticles 20-30 nm in size between the graphene sheets and the
carbon layers. The unique sandwich structure effectively buffers the volume changes
during lithium ion intercalation/de-intercalation processes, so that the composite
maintains its structural integrity, as well as ensuring favorable transport kinetics for
both lithium ions and electrons. Therefore, C/Ge/graphene composites exhibit
excellent lithium storage performance, with high reversible capacity, excellent rate
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capability, and superior cycling retention.
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8 UNIQUE URCHIN-LIKE Ca2Ge7O16 HIERARCHICAL
HOLLOW MICROSPHERES AS ANODE MATERIAL FOR THE
LITHIUM ION BATTERY
8.1 Instruction

Driven by the increasing need for flexible and portable flexible electronic devices,
lithium ion batteries have attracted great efforts to develop advanced electrode
materials with high electromotive force, energy density, and power density. To further
increase the gravimetric and volumetric lithium storage capacity of lithium ion
batteries, alloy-type anodes, especially group IVA elements, have been intensively
explored as promising alternative active materials to conventional carbonaceous
anode because of their high theoretical capacity.[1-2] For instance, metallic
germanium has recently been widely considered as a promising anode material
candidate because of its higher theoretical specific capacity of 1600 mA h g-1, and
high lithium diffusivity and electrical conductivity.[3-8] On the other hand,
germanium suffers from large volume changes of as much as 300% during full lithium
insertion/extraction processes (corresponding to Li4.4Ge alloy),[8-9] which result in
structural collapse and deterioration of the cycling performance. To circumvent this
problem, some structural or textural modifications are applied to improve the cycling
performance of the germanium electrodes, such as nanosized structure,[10-11] highly
porous structure,[12] and enclosing the germanium in a carbon matrix.[13-14] An
alternative method is to synthesize binary or ternary germanium compounds,[15]
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which can form lithium compounds in situ during the initial lithium uptake process to
serve as buffer matrices, although binary germanium compounds exhibit relatively
low specific capacities.[16]

Ternary germanates, especially Ca2Ge7O16, can lower the expense for applications by
reducing the germanium content compared to germanium electrode materials, and
these ternary germanates have been recently investigated as anode materials for
lithium ion batteries.[16-18] Importantly, the metal oxide formed in situ (CaO for
Ca2Ge7O16) after the initial de-lithiation process, accompanied by the formation of
Li2O, can not only serve as a buffer matrix to accommondate the volume changes in
the germanium nanoparticles, but also effectively prevent the agglomeration of the
nanosized germanium particles that are formed during the process.[16] Furthermore,
the advantages of Ca2Ge7O16, in particular, such as its high theoretical capacity of 990
mA h g-1,[17] its cheap starting materials, and the environmentally benign nature of
CaO formed in situ after lithium intercalation,[16] have made Ca2Ge7O16 the most
popular compound among the metal germanates studied.

The recently reported metal germanate compounds are in simple structures, such as
nanoparticles,[19]

nanorods,[20]

or

nanowires.[16-17,

21]

These

primary

nanostructures, however, suffer from side reactions with electrolytes because of their
high surface area, which results in safety concerns and poor calendar life.[22] To
address this problem, synthesis of hierarchical structures with internal nanosized
building blocks is an effective way to reduce the occurrence of side reactions.[23]
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Furthermore, the integral microscale architecture can effectively suppress the
aggregation of the nanosized active materials, while the the nanoscale building blocks
can increase the kinetics of lithium ions.[24] Germanate compounds with hierarchical
structure have never been reported.

Hollow nano-/micro-structured materials have drawn intensive interest owing to their
unique structure-determined physical and chemical properties, which endow them
with great potential for various applications.[25-29] Hollow structures are widely
applied in the synthesis of electrode materials for lithium ion batteries due to their
particular advantages, such as high surface area and short pathways for lithium ion
diffusion and electron transport.[30-31] Their large surface area provides good contact
between the electrode materials and electrolyte, as well as more storage sites for
lithium ions. Especially important, the hollow interiors can provide extra room to
accomodate the volume changes of the materials during the lithiation/de-lithiation
processes and thus alleviate structrual strain. Therefore, it is a very attractive goal to
develop a facile and environmentally benign method to obtain Ca2Ge7O16 in
hierarchical hollow structures for applications in lithium ion batteries with excellent
prospects for high electrochemical performance.

Herein, urchin-like hollow structured Ca2Ge7O16 microspheres constructed from
nanorods as primary building blocks were successfully synthesized by a low cost and
reliable solvothermal reaction. The compositions of the solvent and surfactants were
found to have a great influence on the structure and morphology of the Ca2Ge7O16.
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Analysis of the electrochemical performance in different electrolytes shows that
ethylene carbonate/dimethyl carbonate/diethyl carbonate (3/4/3 by volume) with 5 wt%
fluoroethylene carbonate additive is the most suitable solvent for the electrolyte. The
electrochemical performance of these urchin-like Ca2Ge7O16 hierarchical hollow
microspheres was evaluated, and the electrode containing them showed high
reversible specific capacity of up to 804 mA h g-1 at a current density of 100 mA g-1
after 100 cycles and remarkable rate capability of 341 mA h g-1 at a current density of
4 A g-1.
8.2 Experimental Methods
Materials Synthesis: The Ca2Ge7O16 hollow microspheres were prepared by the
solvothermal method. In a typical experiment, 0.1175 g Ca(CH3COO)2·H2O, 0.2746 g
GeO2 (in a stoichiometric ratio of 2:7), and urea and/or hexadecyl trimethyl
ammonium bromide (CTAB) were added into a mixture of ethanol and de-ionized (DI)
water with different ratios and left to stir for 1 hour. Then, 30 mL of the resultant
mixed solution was decanted into a Teflon-lined autoclave, and then, thermally treated
at 180 oC for 24 h in an oven. After the solvothermal reaction, the obtained Ca2Ge7O16
white powder was decanted by centrifugation and washed 3 times with a large amount
of ethanol and de-ionized water before drying at 70 oC in a vacuum oven for 12 h.

For the synthesis of Ca2Ge7O16 nanowires, 0.1175 g Ca(CH3COO)2·H2O and 0.2746 g
GeO2 were dispersed into 30 mL deionized water. After stirring for 1 h, the
suspension was decanted into a Teflon-lined stainless steel autoclave, followed by a
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heat treatment at 180 oC for 24 h in an oven. The white powder was decanted by
centrifugation and washed 3 times with a large amount of ethanol and de-ionized
water before drying at 70 oC in a vacuum oven for 12 h.

Characterization: Powder X-ray diffraction (Bruker, D8-Advance XRD) was used to
analyse the crystalline phases of the resultant materials, which was carried out using
Cu Kα radiation (λ = 1.5406 Å) from 2 = 10 to 70. For observations of the
morphologies and structures, the Ca2Ge7O16 samples were characterized using
field-emission scanning electron microscopy (FESEM; JEOL, JEM-6700F, 5 kV) and
transmission electron microscopy (TEM), which was performed on a JEOL JEM-2010
analytical electron microscope using 200 keV accelerating voltage. The N2 adsorption
and desorption isotherms were obtained using a Quantachrome Instruments device
(Autosorb AS-6B).

Electrochemical Measurements: The Ca2Ge7O16 electrode slurry was prepared by
thoroughly mixing the active material (80 wt%), carbon black (Super-P, 10 wt%), and
poly(vinylidene fluoride) (PVdF) binder (10 wt%) in N-methyl pyrrolidone to prepare
the working electrode. The resultant homogeneous slurry was then spread onto copper
foil substrates. The electrodes were dried in a vacuum oven at 120 oC for 12 h prior to
cell assembly. The cells were constructed of the prepared electrode as cathode,
microporous polyethylene (Celgard 2400) as the separator, and lithium foil as anode.
The electrolyte solutions investigated were 1.0 M LiPF6 in four different mixture of
solvents,

including

ethylene

carbonate/dimethyl
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carbonate/diethyl

carbonate

(EC/DMC/DEC, 1/1/1 by volume), EC/DMC/DEC (1/1/1 by volume) with 2 wt%
vinylene carbonate (VC) additive, EC/DMC/DEC (3/4/3 by volume), EC/DMC/DEC
(3/4/3 by volume) with 5 wt% fluoroethylene carbonate (FEC) additive. The whole
assembly process for the CR2032 coin type cells was carried out in an argon-filled
glove box. The discharge/charge cycling was performed within the voltage window
between 0.02 and 3.0 V vs. Li+/Li using a battery test instrument (Land) at room
temperature. The loading mass of active material was at least 1 mg cm-2 for all
electrodes.
8.3 Materials Characterization
In order to investigate the effects of the surfactants, the amounts of surfactants, and
the composition of the solvothermal solution on the morphology of the obtained
material, a series of experiments was designed and carried out. The surfactants are
essential for the formation of hollow-structured microspheres. Without surfactants, the
obtained germanate is composed of nanowires several tens to hundreds of
micrometers in length with diameters in the range of 50-200 nm (See Figure 1). The
nanowire-structured morphology remained when hexadecyl trimethyl ammonium
bromide (CTAB) was introduced into the synthesis system (as shown in Figure 2a). In
contrast, the obtained samples are a mixture of microspheres and polyhedral particles
when only urea is introduced (See Figure 2b). Hollow-structured Ca2Ge7O16
microspheres can be induced to form by the synergistic action of CTAB and urea.
Furthermore, the ratio of ethanol to de-ionized water plays a significant role in the
formation of well-defined Ca2Ge7O16 hollow microspheres. From the SEM images of
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materials synthesized with various ethanol/water ratios (See Figure 3), it can be found
that when the ratio is up to 1:5, the hollow structure microspheres become more
uniform, with a mean diameter of 2-3 μm. Increasing the ratio to 1:2 provides larger
size microspheres. The spherical structure shifts to polyhedral with further increased
ratios above 1:1.

Figure 8. 1 (a) SEM image and (b) powder X-ray diffraction pattern of as-prepared
Ca2Ge7O16 nanowires.

Figure 8. 2 SEM image of as-prepared Ca2Ge7O16 with (a) CTAB and (b) urea.
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Figure 8. 3 SEM images of Ca2Ge7O16 materials prepared under different
solvothermal conditions: (a) and (b) 5 mL ethanol and 25 mL de-ionized (DI) water;
(c) and (d) 10 mL ethanol and 20 mL DI water; (e) 15 mL ethanol and 15 mL DI water;
(f) 20 mL ethanol and 10 mL DI water; (g) 25 mL ethanol and 5 mL DI water; (h) 30
mL ethanol. with the other conditions unchanged.
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To understand the specific roles of the surfactants CTAB and urea, various amounts of
the surfactants were also tested to observe the structural changes (Figures 4 and 5).
The results obviously demonstrate that superfluous surfactants can ruin the
hierarchical hollow structure. To sum up, uniform hollow Ca2Ge7O16 microspheres
with numerous nanorods radially grown on the surface are obtained with 30 mmol
urea and 4 mmol CTAB, with an ethanol/water ratio of 1:5. The crystal structure of
the Ca2Ge7O16 hollow microspheres was characterized by X-ray diffraction (XRD), as
shown in Figure 6a. All the reflection peaks of the Ca2Ge7O16 hollow microspheres
are well indexed to orthorhombic phase Ca2Ge7O16 (JCPDS card No. 34-0286). The
hollow voids at the centres of the microspheres can be observed from the broken ones
in the SEM images (Figure 6b). The hollow structure is further confirmed by the TEM
image of the Ca2Ge7O16 microspheres shown in Figure 6c and d. With a closer
examination of a single sphere (as shown in the inset of Figure 6d), the nanorod
subunits, which are about 30 nm in width and about 300 nm in length, can be
observed to have a uniform distribution around the circumference of the sphere, and a
well-defined shell is formed, as indicated by the dark ring in the image. In the
high-resolution transmission electron microscope (HRTEM) image shown in Figure 7,
the crystal lattice fringes with d-spacing of 0.47 nm are characteristic of the (001)
lattice planes of orthorhombic Ca2Ge7O16, indicating a preferred [001] growth
direction.[16] As revealed by the nitrogen adsorption-desorption isotherms (Figure 8),
the urchin-like microspheres with hollow structures feature a relatively high
Brunauer-Emmett-Teller (BET) specific surface area of 64.7 m2 g-1 and a high pore
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volume of 0.48 cm3 g-1 with a broad pore-size distribution.

Figure 8. 4 SEM images of Ca2Ge7O16 materials prepared using different amounts of
urea: (a) 1.8 g (30 mmol), (b) 3.6 g (60 mmol), (c) 5.4 g (90 mmol), all in a mixed
solution of 5 mL ethanol and 25 mL DI water.
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Figure 8. 5 SEM images of Ca2Ge7O16 prepared using different amounts of CTAB: (a)
0.728 g (2 mmol), (b) 1.456 (4 mmol), (c) 2.184 g (6 mmol), all in a mixed solution of
5 mL ethanol and 25 mL DI water.

179

Figure 8. 6 (a) Powder X-ray diffraction pattern, (b) SEM image, (c) and (d) TEM
images of Ca2Ge7O16 hollow microspheres. The insets in panels (b) and (d) show the
hollow void at the center of a Ca2Ge7O16 microsphere, and a TEM image of the
magnified surface of a microspheres, respectively.
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Figure 8. 7 High-resolution TEM image of Ca2Ge7O16 hollow microsphere.

Figure 8. 8 N2 adsorption-desorption isotherm of Ca2Ge7O16 hollow microspheres.
The inset indicates the pore-size distribution from the corresponding desorption
branch.

A series of time-dependent experiments were carried out to fully understand the
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formation process and structural changes of the hollow microspheres. Figure 9 shows
SEM and TEM images of samples subjected to different reaction times (30 min, 50
min, 10 h, and 24 h), indicating a fast formation process for the urchin-like
microspheres. It can be observed that nanospheres were formed at the short reaction
time of 30 min (shown in Figure 9a). Just twenty minutes later, the spheres grew to
microsize (about 1.5 μm), as shown in Figure 9b, and uniform, but short and rather
undeveloped tiny nanorods were assembled on the surfaces of the microspheres.
Interestingly, yolk-shell structural microspheres (~ 2 μm in size) were obtained when
the reaction time was extended to 10 h, as shown in Figure 9c. This appearance of
partial hollow voids and increased size distribution can be ascribed to the
consumption of the interior core accompanied by recrystallization at the exterior
surface of the microspheres and growth of the nanorods on the shells, according to the
well-known inside-out Ostwald-ripening process.[31-32] When the reaction time was
prolonged to 24 h, urchin-like microspheres with completed and well-defined hollow
interiors were finally created, as shown in Figure 9d. Based on the above morphology
and structural change observations, the formation mechanism of the hierarchical
urchin-like Ca2Ge7O16 hollow spheres is proposed (see Figure 9e). Initially, OH- ions
released by the slow hydrolysis of calcium acetate and urea react with GeO2 to form
soluble HGeO3- anions. Then, small Ca2Ge7O16 nuclei are generated to form small
nanosized spheres when the Ca2+ and HGeO3- reach the supersaturation limit.[16-17]
After a self-assembly process, the nanoparticles grow to solid microspheres with
nanorods on the surfaces of the spheres in stage I. Then, the microspheres undergo
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inside-out Ostwald-ripening and recystallization processes, accompanied by further
growth of the nanorods on the surfaces of the microspheres, leading to the formation
of yolk-shell structures (as shown in stage II).[33] Further lengthening of the reaction
time results in thorough dissolution and recrystallization and completely hollow
structured Ca2Ge7O16 microspheres with hierarchical urchin-like surfaces eventually
formed (stage III).
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Figure 8. 9 SEM and TEM images of the products obtained after reaction for (a) 30
min, (b) 50 min, (c) 10 h, and (d) 24 h, with the insets showing the corresponding
bright field TEM images. (e) Schematic illustration of the morphological evolution
process of the urchin-like Ca2Ge7O16 hollow microspheres: (I) self-assembly process,
(II) inside-out Ostwald ripening and recrystallization process, and (III) thorough
dissolution and recrystallization process.
8.4 Electrochemical Characterization
In order to fully understand the electrochemical behavior of the Ca2Ge7O16 hollow
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microsphere anode, the electrolyte for the testing cells was optimized. Figure 3a and b
shows the influences of different electrolytes on the electrochemical performance of
Ca2Ge7O16 hollow microsphere anode with 1 M LiPF6 in EC/DMC/DEC (1/1/1),
EC/DMC/DEC (1/1/1) + 2 wt% VC, EC/DMC/DEC (3/4/3), and EC/DMC/DEC
(3/4/3) + 5 wt% FEC. For the rate capability (shown in Figure 10a), the cells with
EC/DMC/DEC (1/1/1) and EC/DMC/DEC (3/4/3) +5 wt% FEC show almost the
same rate properties, which are better than those with EC/DMC/DEC (1/1/1) + 2 wt%
VC and EC/DMC/DEC (3/4/3). There is no capacity drop in electrolytes consisting of
EC/DMC/DEC (1/1/1) and EC/DMC/DEC (3/4/3) +5 wt% FEC when the current
density is increased from 100 to 200 mA g-1. The average capacity is 687.6 mA h g-1
at 500 mA g-1 and 628.6 mA h g-1 at 1 A g-1. Figure 10b compares the cycling
performances of the cells in different electrolytes at a current density of 100 mA g-1. It
can be observed that the capacity increases during cycling for the first 10 cycles for
all the cells in different electrolytes, which can be attributed to electrochemical
activation.[16] The cell with EC/DMC/DEC (1/1/1) + 2 wt% VC shows capacity
fading after the 10th cycle and drops to a capacity of 664.5 mA h g-1 at the 50th cycle,
while the cells in the other electrolytes remain relatively stable after the 10th cycle.
The cell with EC/DMC/DEC (3/4/3) +5 wt% FEC exhibits the best cycling
performance, with an increased capacity during cycling to 797.5 mA h g-1 at the 100th
cycle.

Using the optimized electrolyte, the electrochemical performance of Ca2Ge7O16
hollow microspheres anode was compared with that of Ca2Ge7O16 nanowires in
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electrolyte with EC/DMC/DEC (3/4/3) + 5 wt% FEC. Figure 10c presents the rate
capabilities of Ca2Ge7O16 nanowires and Ca2Ge7O16 hollow microspheres at different
current densities. The Ca2Ge7O16 hollow microspheres showed excellent rate
capability. The average discharge capacities are 856.6 mA h g-1 under a current
density of 100 mA g-1, 781.2 mA h g-1 under 200 mA g-1, 705.2 mA h g-1 under 500
mA g-1, 620.2 mA h g-1 under 1 A g-1, 529.3 mA h g-1 under 2 A g-1, and 452.6 mA h
g-1 under 3 A g-1. Even at the high current density of 4 A g-1, the specific capacity
remains 341.3 mA h g-1. When the discharge/charge current density was returned to
100 mA g-1, the specific capacity recovered to 732.8 mA h g-1, indicating the good
reversibility of the Ca2Ge7O16 hollow microspheres. As for the Ca2Ge7O16 nanowires,
the electrode presented inferior rate capability compared to the Ca2Ge7O16 hollow
microspheres. Only a capacity of 56.1 mA h g-1 was delivered at a current density of 4
A g-1, with an extremely low retention of 9.7% of the average capacity at a current
density of 200 mA g-1.

Figure 10d shows the cycling performances of the two Ca2Ge7O16 materials at a
current density of 100 mA g-1 at room temperature within the voltage range of 0.02-3
V. The Ca2Ge7O16 hollow microspheres showed good cycling performance. The
capacity fading in the first three cycles may be attributable to the irreversible
reduction of Ca2Ge7O16 to germanium, accompanied by the formation of Li2O and
CaO, as well as the formation of a solid electrolyte interphase (SEI). There is
increasing capacity from the 4th discharge cycle. The capacity is 804.6 mA h g-1 after
100 cycles, corresponding to 120.4% of the capacity at the second cycle, revealing
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superior reversible specific capacity and cycling performance. The capacity of the
Ca2Ge7O16 nanowires, as shown in Figure 3d, is stable with cycling, but much lower
than that of the Ca2Ge7O16 hollow microspheres with increasing cycle number, with a
value of 624.7 mA h g-1 at the 100th cycle. The specific capacity, the cycling
performance, and the rate capability of the as-prepared Ca2Ge7O16 hollow
microspheres are much better than those of previously reported Ca2Ge7O16
nanowires.[16]
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Figure 8. 10 (a) Rate capability of Ca2Ge7O16 hollow microspheres in different
electrolytes at different current densities. (b) Cycling performance of Ca2Ge7O16
hollow microspheres in different electrolytes under a current density of 100 mA g-1. (c)
Comparison of rate capability of Ca2Ge7O16 nanowires and Ca2Ge7O16 hollow
microspheres at different current densities in electrolyte with EC/DMC/DEC (3/4/3)
+5 wt% FEC. (d) Comparison of cycling performance of Ca2Ge7O16 nanowires and
Ca2Ge7O16 hollow microspheres under a current density of 100 mA g-1 in electrolyte
with EC/DMC/DEC (3/4/3) +5 wt% FEC.

We believe that the superior electrochemical properties of our Ca2Ge7O16 hollow
microspheres compared to those of Ca2Ge7O16 nanowires are attributable to the
unique urchin-like hollow structures. Firstly, the hollow structured Ca2Ge7O16
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micropheres were formed by a self-supported transformation process, which offers
high structural integrity and stability, thus providing good cycling performance.
Secondly, the hollow microspheres are composed of one-dimensional Ca2Ge7O16
nanorods as building blocks, which may facilitate the lithium ion diffusion along the
longitudinal directions and shorten the diffusion paths for lithium ions. Thirdly, the
hollow structure endows Ca2Ge7O16 with free space for the volume expansion of
germanium nanoparticles in the process of lithium insertion and thus alleviates the
strain stemming from the volume expansion. In the meanwhile, the hollow structures
facilitate the penetration of the electrolyte and lithium ion transport in the electrode.
Moreover, the high surface area of the Ca2Ge7O16 provides increased reactive sites
and interfaces between the active materials and the electrolyte, leading to enhanced
lithium storage capacity and high-rate capability.
8.5 Conclusions
In summary, hierarchical urchin-like Ca2Ge7O16 hollow microspheres were
synthesized by a solvothermal reaction in a system of ethanol-deionized water (1:5 by
volume). The as-obtained hierarchical microspheres revealed a hollow interior and an
urchin-like shell composed of numerous nanorods, which are about 30 nm in width
and about 300 nm in length. The unique structure effectively alleviates the strain of
volume change, provides a short lithium ion diffusion length, and facilitates the
penetration of electrolyte, thereby maintaining the structural integrity and stability of
the anode, and ensuring favorable transport kinetics for both lithium ions and
electrons. Therefore, the urchin-like Ca2Ge7O16 hollow microspheres present high
189

reversible capacity, and superior cycling stability and rate capability, exhibiting
potential as a promising anode material for lithium ion batteries.
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9 ENHANCED ELECTROCHEMICAL PROPERTIES OF
LITHIUM IRON PHOSPHATE BY
MOLYBDENUM-SUBSTITUTION AND GRAPHITIC
CARBON-COATING VIA A FACILE AND FAST
MICROWAVE-ASSISTED SOLID-STATE REACTION
9.1 Introduction
Lithium ion batteries have been attracting widespread interest over recent decades to
meet the urgent needs for applications in both fully electric vehicles and hybrid
electric vehicles.[1-2] Research into lithium iron phosphate, LiFePO4, has been
gaining momentum due to its promising electrochemical properties as a cathode
material for lithium-ion batteries,[2-5] such as its high theoretical capacity (170 mAh
g-1), flat voltage plateau (3.4 V vs. Li+/Li), and low environmental impact. These
factors have allowed application of lithium-ion batteries in large-scale devices such as
plug-in hybrid vehicles and electric vehicles. However, LiFePO4 is a poor electronic
conductor, with a reported conductivity of ~10-9 S cm-1 at room temperature, which
thus

limits

both

diffusion

insertion/extraction.[6-7]

In

and
order

electrochemical
to

improve

response

the

during

properties
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lithium
existing

LiFePO4-based electrode materials, extensive efforts have been made by
electrochemical researchers, which include particle size control and manipulation,
surface modification of particles by coating with electronically conductive agents, and
atomic-level doping with supervalent cations.[8-12] Carbon coating is a common
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strategy to optimize the electrochemical performance of cathode materials. The
carbon network restricts the growth of the LiFePO4 particles and inhibits particle
agglomeration, thereby shortening the diffusion path of lithium ions and providing a
conductive bridge to the LiFePO4 particles, which facilitates charge transfer. Wang et
al.[13-14] recently demonstrated, however, that a partly non-continuous carbon layer
could not allow electrons to reach all the positions where Li+ ion intercalation took
place. Therefore, the formation of a uniform and sufficient, or carefully controlled,
carbon layer is essential for excellent electrochemical performance of LiFePO4. In
most cases, the coated conductive layer is amorphous[15-16] or semi-graphitic[13]
carbon and cannot cover entire LiFePO4 particles. A uniform graphitic carbon shell
with relatively high electronic conductivity is rarely reported.

In 2002, Chung et al.[17] investigated different cation dopants to determine the
effects of aliovalent doping on the electronic conductivity of LiFePO4, which sparked
numerous studies looking at crystallo-chemical modification of LiFePO4. Reports
indicated, via structural and electrochemical analyses, that cation doping could
decrease the lithium miscibility gap, favor phase transformation kinetics in cycling,
expand diffusion channels, and introduce controlled atomic disorder into the ordered
olivine structure.[10]

In this work, our strategy revolves around the formation of a three-dimensional (3D)
carbon network, combined with Mo6+ doping in a single synthetic procedure, in order
to optimize the electrochemical performance of LiFePO4 cathode materials. Mo-doped
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LiFePO4/C nanocomposites were successfully synthesized using the facile and fast
synthesis method of microwave-assisted solid-state reaction. It was found that the
high valence of Mo6+ allows or promotes cation substitution onto the Fe sites, and this
leads to a displacement of a corresponding quantity of Fe-ions to the Li sites, which
may act to facilitate Li+ diffusion through one-dimensional (1D) channels along the
[010] direction in combination with Li-ion vacancies. Furthermore, we speculate that
Mo6+ doping leads to a change in the electronic structure of Mo-doped LiFePO4/C due
to the injection of electrons near the Fermi level,[18] thus improving the electronic
conductivity of the LiFePO4/C materials. In comparison to furnace heating, the
microwave-assisted solid-state method can significantly shorten the reaction time, and
relatively small crystals can be obtained, reducing the diffusion path of lithium ions
and further enhancing the rate performance of the material. It was also found that an
in-situ generated thin graphitic carbon layer uniformly covers individual LiFePO4
particles, which effectively avoids undesirable particle growth and serves as an
electron conductor. Furthermore, the in-situ graphitic carbon layer connects with the
surrounding amorphous carbon to form a 3D carbon network, providing an effective
charge transport pathway.
9.2 Experimental Methods
Stoichiometric quantities of CH3COOLi·2H2O and (NH4)2HPO4 were ground in an
agate mortar with a pestle for ~ 30 min to form a homogeneous mixture. These solid
starting materials underwent a one-step solid-state reaction as reported earlier[19-21]
and morphed into a soft and pulpy mixture, and then into solid powder. FeC2O4·2H2O
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and a small quantity of citric acid with/without Na2MoO4 were then added, mixed,
and ground for 1 h. The molar ratio of CH3COOLi·2H2O to Na2MoO4 was 99:1. A
self-assembly carbon seal reactor[19-21] with these precursor materials inside it was
then put into a microwave oven (3.0 GHz, 850 W). After 15 min of microwave
irradiation, the final samples were obtained, and the powders were further milled for
electrochemical testing.

The crystalline phase of the resulting materials was analyzed by powder X-ray
diffraction (XRD, MXP18AHF, MAC, Japan), which was carried out using Cu Kα
radiation (λ = 1.54056 Å). Data was collected from 10 to 80 in 2, with a step size of
0.12 and 1.0 s per step. High-resolution synchrotron XRD (SXRD) data were
collected on the Powder Diffraction Beamline (10-BM-1)[22] at the Australian
Synchrotron using a wavelength () of 0.68788(2) Å, determined using the National
Institute of Standards and Technology (NIST) 660a LaB6 standard reference material.
Powder samples were packed and sealed in 0.5 mm glass capillaries, and data were
collected for 6 minutes at ambient temperature using Debye-Scherrer geometry.
Thermogravimetric analysis (TGA) was carried out to determine the carbon content
with a TGA/DSC type instrument (METTLER TOLEDO, Switzerland) at a heating
rate of 10 C min-1 from room temperature to 800 C in air. Transmission electron
microscope (TEM) investigations were performed using a JEOL 2011F analytical
electron microscope (JEOL, Tokyo, Japan) operating at 200 keV. X-ray photoelectron
spectroscopy (XPS) experiments were carried out on a VG Scientific ESCALAB
220IXL instrument using aluminum K X-ray radiation during XPS analysis.
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To prepare the working electrode for electrochemical testing, a cathode slurry was
prepared by thoroughly mixing 85 wt. active material, 10 wt.% acetylene black, and
5 wt.% poly(vinylidene fluoride) (PVdF) in N-methyl pyrrolidinone (NMP) solvent.
The cathode slurry was then spread onto aluminum foil substrates and dried in a
vacuum oven at 120 C for 12 h. The electrochemical tests were carried out on
CR2032 coin type cells. The cells were constructed of a lithium foil anode, the
prepared active material on aluminum as cathode, microporous polyethylene (Celgard
2400) as the separator, and 1 M LiPF6 in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 by volume) as the electrolyte. The whole assembly
process was carried out in an argon-filled glove box. Cyclic voltammograms (CVs)
were collected from 2.5 to 4.1 V using a CHI660B electrochemical workstation (CHI,
660B, CHENHUA, China). The charge/discharge cycling was performed within a
voltage range of 2.5-4.1 V on a battery test instrument (CT2001A, KINGNUO,
China) at ambient temperature.
9.3 Materials Characterization
XRD patterns of the as-prepared LiFePO4/C and Mo-doped LiFePO4/C are shown in
Figure 8.1. The presence of sharp and well-defined Bragg peaks which visually match
the expected reflections from the olivine LiFePO4 structure, suggest the presence of
crystalline products.[23] No significant signal was associated with carbon, which
indicates that the residual carbon is amorphous or that the carbon layer on LiFePO4
particles is thin.[24] The carbon content in the obtained Mo-doped or undoped
LiFePO4/C can be calculated by thermogravimetric analysis (see Figure 8.2).
198

Considering the oxidation of iron at high temperature in air, a calibration curve is
needed to accurately evaluate the carbon content in Mo-doped LiFePO4/C samples. In
order to obtain the calibration curve, TGA was carried out on LiFePO4/C mixtures
with certain known LiFePO4/C ratios (carbon ratios of 5, 10, 20 and 30%,
respectively), with the carbon obtained by pyrolyzing citric acid under the same
conditions. The calculated calibration curve is shown in Fig. S1(a). Then, TGA was
conducted on the as-prepared Mo doped LiFePO4/C nanocomposites. The percentage
value of the mass loss was taken from the TGA curve (Fig. S1(b)) and can be
converted into the real content of carbon in the LiFePO4/C nanocomposite according
to the calibration curve. It can be seen from Fig. S1(b) that the weight loss below
100°C drops sharply from 100% at the starting temperature to about 98%,
corresponding to the removal of moisture from the sample. Therefore, the real weight
loss due to carbon burn-off for the Mo-doped LiFePO4/C is about 9%. According to
the calibration curve, we can work out that the carbon content in the Mo-doped
LiFePO4/C is about 12%.

High resolution SXRD data were collected on the doped sample, and the
Rietveld-refined model of LiFePO4 fitted to the SXRD data is shown in Figure 8.3(a).
Figure 8.3(b) clearly demonstrates that there is a small but identifiable impurity of
Li3Fe2(PO4)3 in the synthesized sample. To model molybdenum substitution into the
LiFePO4, we first incorporate Mo on the Li site in the ideal LiFePO4 model and
observe a corresponding decrease in the Rietveld refinement statistics of the Bragg
R-factor of RF2 = 0.05%, while the remaining statistics, the profile factor (RP),
199

weighted profile factor (wRP), and goodness- of-fit term (2), remain virtually
constant. Substituting Mo on the Fe site, i.e. Li0.99Fe0.01[Fe0.99Mo0.01]PO4, however,
results in a decrease in all the refinement statistics (RF2 = 0.20%, RP = 0.02%, wRP =
0.03%, and 2 = 0.02) with the use of the same number of parameters. The Li/Mo
mixed site atomic displacement parameters (ADPs) also gave reasonable values
relative to the larger values found in the earlier models. Although accuracy in the
lithium occupation is difficult to determine with XRD techniques, the refinement of
the

lithium

occupation

with

this

dataset

results

in

a

composition

of

Li0.96(2)Fe0.01[Fe0.99Mo0.01]PO4, which suggests a high valence of molybdenum in the
sample, using these charge balance considerations. Mo-ions substitute onto the Fe site
in the LiFePO4 crystal structure, with the corresponding content of Fe being displaced
onto the Li site. We propose that there is Li-ion vacancy charge compensation on the
Li site, which can further facilitate enhanced Li-ion diffusion. Note that Fe or Mo ions
on the Li site can be intuitively considered to be detrimental to electrochemical
properties because the [010] channel could be blocked by less mobile ions (Mo6+ in
our case). Chiang et al. present an argument, which is further based on subsequent
theoretical calculations, considering particle size and doping level, that demonstrates
that the [010] channel could remain open for Li extraction and insertion if the particle
size is small enough (less than a few tens of nanometers) and the doping level is low
(a few percent).[10] Considering the small crystal size (30-50 nm as shown in the
high resolution TEM (HRTEM) image in Figure 8.4(b)) and the low doping level
(1%) in the Mo-doped LiFePO4/C, we propose that the channel blocking effect of the
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Mo ions is likely to be negligible and that such an effect would easily be overcome by
the presence of Li-ion vacancies.

Figure 9. 1 XRD patterns of LiFePO4/C before and after Mo doping. The vertical
lines mark the reflections in the standard.
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Figure 9. 2 (a) Calibration curve for weight percentage with respect to carbon
percentage, (b) TGA curve for the Mo-doped LiFePO4/C material in air.
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Figure 9. 3 (a) Rietveld-refined fit of the LiFePO4-based model from synchrotron
X-ray diffraction data, with RP = 4.32%, wRP = 5.81%, RF2 = 10.42%, and 2 = 2.67.
(b) Enlarged region highlighting the quality of the fit and the presence of the second
phase, Li3Fe2(PO4)3. Observed data (for Mo-doped LiFePO4/C) are shown as crosses
(+), the calculated model as a solid line, and the difference as a solid line below.
Vertical black lines indicate Bragg reflections corresponding to LiFePO4, and vertical
red lines in (b) indicate Bragg reflections corresponding to Li3Fe2(PO4)3.
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The particle size and morphology of the Mo-doped LiFePO4/C was characterized by
TEM, as shown in Figure 8.4. An HRTEM image is shown in Figure 8.4(b), which
clearly reveals that the particle size of Mo-doped LiFePO4/C is in the range of 30-50
nm, and that the particles are completely covered by a thin layer of carbon (5 nm) to
form a LiFePO4/C core-shell structure. The fast and effective microwave heating
leads to small LiFePO4 particles and in-situ coating of carbon on the particles, which
readily inhibits agglomeration and further crystal growth. It is interesting to note that
the carbon shell, which is thin enough to allow penetration of lithium ions, is graphitic
carbon within a larger amorphous carbon network. Therefore, this can be considered
as a specialized double carbon structure, i.e. graphitic carbon shells uniformly
covering the surfaces of the individual LiFePO4 particles and an amorphous carbon
surrounding region. The latter plays the role of bridging the LiFePO4 particles to form
a 3D electronically conductive interconnected network, which will significantly
enhance the electronic conductivity of the material. The 3D carbon network could
also ensure that electron transport occurs in all directions towards the locations of
lithium ion insertion/extraction. In Figure 8.4(b), the 0.25 nm and 0.43 nm lattice
fringes were indexed to the (131) and (011) planes, respectively, of orthorhombic
LiFePO4. The inset of Figure 8.4(b) shows the corresponding selected area electron
diffraction (SAED) pattern, indicating the highly crystalline nature of the sample.
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Figure 9. 4 TEM images of Mo-doped LiFePO4/C sample: (a) typical TEM image, (b)
HRTEM image and corresponding SAED pattern (inset).

X-ray photoelectron spectra exhibiting Mo, C, and all the elements of LiFePO4 are
shown in Figure 8.5. Li 1s could not be seen clearly because it is superimposed on the
Fe 3p peak at about 56 eV.[25] The binding energy of P 2p, C 1s, and O 1s were
determined to be 133.7 eV, 284.9 eV, and 531.6 eV, respectively. A satellite peak to
the main Fe 2p3/2 peak (711.6 eV) at the higher binding energy of 716.3 eV was
observed in the Mo-doped LiFePO4/C samples. The appearance of this satellite peak
is a characteristic feature of transition metal ions with partially filled d-orbitals.[26]
The high-resolution XPS spectrum of Mo 3d shows peaks centered at 232.6 eV and
235.7 eV, corresponding to Mo6+ 3d5/2 and Mo6+ 3d3/2, respectively, further verifying
the presence of Mo6+ in the obtained sample.[27] A non-stoichiometric cation ratio
and Li-ion vacancies in LiFePO4 may be induced in order to accommodate the
introduction of the supervalent Mo6+. This, in turn, can facilitate lithium ion diffusion
in these channels and therefore enhance the electrochemical performance.
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Figure 9. 5 XPS spectra of all elements of the Mo-doped LiFePO4/C sample.

9.4 Electrochemical Characterization

Electrochemical measurements confirm the hypothesis that Mo-doping improves
performance as proposed above. Figure 8.6(a) shows a comparison of the rate
performance of the LiFePO4/C and the Mo-doped LiFePO4/C samples in the potential
range of 2.5-4.1 V. The capacities of both samples decrease with increasing current
rate, which is associated with the supply of electrons to the active components in the
cathode. The discharge capacity of LiFePO4/C is 134 mA h g-1 in the first cycle at 0.5
C (where the current density of the 1 C rate is 170 mA g-1) and decreases to 126 mA h
g-1 after 20 cycles at 1 C. Specific capacities of 118, 112, 107, and 97 mA h g-1 were
obtained at current rates of 2.5 C, 4 C, 5 C, and 7.5 C, respectively. For the Mo-doped
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sample, however, the boundaries to the measured capacities at different current rates
(0.5 C, 1 C, and 2.5 C) are not very distinct. After 180 cycles, the discharge capacity
drops from 139 mA h g-1 (2.5 C) to 128 mA h g-1 (5 C). Even at a rate of 7.5 C, a
reversible capacity of 116 mA h g-1 for Mo-doped LiFePO4/ C can still be achieved,
whereas the value for LiFePO4/C is 97 mA h g-1. In addition, the original capacity for
both samples can be recovered with application of the original current rate of 0.5 C,
revealing that the two synthesized samples possess good electrochemical reversibility.
The good capacity and high rate capability indicate high electronic conductivity and
lithium ion diffusion in the LiFePO4/C samples, especially the Mo-doped sample,
throughout

lithiation/delithiation.[17]

Figure

8.6(b)

shows

representative

charge/discharge profiles of the Mo-doped LiFePO4/C as a function of the specific
capacity for current rates ranging from 0.5 C to 7.5 C. The discharge capacity
decreases as the current rate increases, and simultaneously, the polarization in the
charge/discharge curves becomes more pronounced. The Mo-doped LiFePO4/C
electrode delivers a specific capacity of 162 mA h g-1 at 0.5 C with a voltage plateau
at about 3.4 V vs. Li/Li+, and there is only a slight discrepancy in potential between
the charge and discharge curves. The capacities obtained were 149 mA h g-1 at 1 C,
142 mA h g-1 at 2.5 C, 124 mA h g-1 at 5 C, and 118 mA h g-1 at 7.5 C. The
electrochemical performance of Mo-doped LiFePO4/C is better than for the
LiFePO4/C nanocomposite with a core-shell structure of Wang et al., carbon-coated
single crystalline LiFePO4 of Zhu et al., and LiFePO4/C composite of Zhang et al.
which also applied Mo substitution in LiFePO4. Comparable values have been
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obtained double-carbon-coated LiFePO4 by Oh et al.[28]. This report, however, used
a complicated technique of double carbon coating that significantly limits the
application of electroactive materials. The excellent electrochemical performance of
Mo-doped LiFePO4/C at high current rate can be attributed to: 1) the graphitic carbon
coating and the 3D carbon conductive network, which are postulated to significantly
improve the electronic conductivity of the material; 2) Mo-doping, which induces or
results in Li-ion vacancies, facilitating enhanced lithium ion diffusion; and 3) the
relatively small particles fabricated by the fast and effective microwave-assisted
solid-state reaction, which reduces the lithium ion diffusion path lengths.

Figure 9. 6 (a) Reversible capacities during continuous cycling at various discharge
rates of LiFePO4/C and Mo-doped LiFePO4/C electrodes, (b) typical charge/discharge
profiles of Mo-doped LiFePO4/C at different discharge rates.

The as-prepared Mo-doped LiFePO4/C also exhibits excellent cycling performance,
with no obvious discharge capacity loss over 2500 cycles at both current rates of 1 C
and 5 C, as shown in Figure 8.7. In the first 50 cycles, the cell was charged and
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discharged at a rate of 1 C, and the capacity increased slightly with cycling. There is
obvious fluctuation in capacity, which may be caused by the temperature change
during testing and the equipment used. In order to show the amplitude of the
fluctuation, Figure 8.7(c) and (d) shows the enlarged cycling data for 250-400 and
2250-2500 cycles, respectively. Figure 8.7(e) presents the charge/discharge curves of
the Mo-doped LiFePO4/C for various cycles. A flat 3.4 V voltage plateau vs. Li/Li+ is
still observed, even at the 2500th cycle, demonstrating the excellent electrochemical
performance of the electrode. The difference between charge potential and discharge
potential (E) is only minor, which suggests low polarization of the electrode. This is
confirmed by the cyclic voltammograms in Figure 8.8.
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Figure 9. 7 (b) Cycling profiles of Mo-doped LiFePO4/C tested at 1 C in the first 50
cycles and 5 C in the following cycles between 2.5 and 4.1 V; (a), (c), and (d) show
the capacity and coulombic efficiency as a function of cycle number, covering the 1st
to the 50th cycle, the 250th to the 400th cycle, and the 2250th to the 2500th cycle,
respectively. (e) Charge/discharge curves for selected cycles.
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In order to further illustrate the effects of Mo doping on the electrochemical properties,
Figure 8.8 compares cyclic voltammograms of LiFePO4/C and Mo-doped LiFePO4/C
at the scan rate of 0.1 mV s-1. Both curves exhibit equilibrium anodic potentials at
about 3.5 V and cathodic potentials at around 3.4 V vs. Li+/Li, corresponding to the
extraction and insertion of lithium ions from LiFePO4, respectively. The voltage
separation between cathodic and anodic peaks is usually considered to show the
reversibility of the electrochemical reaction. Clearly a narrower peak separation and
higher peak current are observed for Mo-doped LiFePO4/C relative to the undoped
LiFePO4/C, indicating better reversibility and reduced polarization via Mo doping

Figure 9. 8 Cyclic voltammograms of LiFePO4/C and Mo-doped LiFePO4/C at the
scan rate of 0.1 mV s-1.
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9.5 Conclusion

Mo-doped LiFePO4/C composite cathode material has been synthesized via a facile
and fast microwave-assisted solid-state reaction. Rietveld analysis shows the
incorporation of Mo onto the Fe site in the LiFePO4 crystal structure, with the
corresponding content of Fe being displaced onto the Li site. The Li-ion vacancies
that are consequently formed also act to facilitate lithium ion diffusion, which can
enhance the electrochemical performance of LiFePO4. The relatively small particle
size, generated by the fast and effective microwave assisted synthesis, reduces the
diffusion path of the lithium ions. The uniform graphitic carbon coating on the
Mo-doped LiFePO4/C and the 3D carbon network improve electronic conductivity.
The combination of these three effects effectively enhances the electrochemical
performance of Mo-doped LiFePO4/C. The Mo-doped LiFePO4/C electrode, when
charged and discharged at a constant current rate of 0.5 C, exhibits a capacity of 162
mA h g-1. The sample further demonstrates a steady capacity of about 120 mA h g-1
over 2500 cycles at the 5 C current rate, suggesting excellent cycling performance.
The Mo-doped LiFePO4/C reported here shows good properties for application as a
cathode material in high-power lithium batteries.
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10 CONCLUSIONS AND OUTLOOK
In this thesis, several materials, including germanium, germanate, cobalt oxide,
titanium dioxide, and lithium iron phosphate were synthesized and their physical and
chemical properties were investigated as the electrode materials for lithium ion
batteries. Highly conductive materials, such as amorphous and graphitic carbon,
graphene, and nitrogen-doped graphene were introduced in fabricating of hybrid
composites to optimize the electrochemical performance. The as-prepared materials
exhibited relative high specific capacities, excellent cycling stability and rate
capabilities due to the increased electrical conductivity and lithium ion diffusion, as
well as the improved structural integrity.

The effects of graphene, especially nitrogen doped graphene, on the electrochemical
properties of the as-prepared electrode materials were investigated. Nitrogendoped
reduced graphene oxide with Co3O4 nanocrystals attached was successfully fabricated
via the hydrothermal technique. The as-obtained Co3O4/N-rGO revealed a uniform
distribution of Co3O4 nanoparticles between 5-10 nm in size on the nitrogen doped
reduced graphene oxide sheets. The lithium storage properties of the composite
materials were investigated. It was found that the Co3O4/N-rGO electrode exhibits
excellent rate capability and cycling stability compared to both bare Co3O4 and
Co3O4/rGO electrodes, which could be attributed to the fact that the N-doped reduced
graphene sheet serves as a conductive matrix and an inhibiting agent towards the
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aggregation and growth of Co3O4 nanocrystals, as well as a buffering agent for the
accommodation of the volume changes during the cycling process. In addition, the
nitrogendoping provides defects that can act as lithium storage and anchoring sites for
Co3O4 nanocrystals, which improves the connection of Co3O4 to the rGO sheets and
thus the structural stability of the material. TiO2/N-rGO composite was obtained
through TiO2 nanoparticle nucleation and growth on nitrogen doped graphene. The
graphene sheets not only prevent the aggregation of TiO2 nanoparticles, but also
provide increased electrical conductivity. The TiO2/rGO and TiO2/N-rGO composites
exhibit excellent lithium storage performance, with high reversible capacity, improved
rate capability, and superior cycling retention compared with bare TiO2. In addition,
the nitrogen doping increases the electronic conductivity of the graphene sheets,
stabilizes the TiO2 nanoparticles on the surface of the graphene, and introduces more
defects to store lithium ions. Therefore, this combination strategy enables the
TiO2/N-rGO composite to be a promising anode material for lithium ion batteries.

Three

kinds

of

germanium-based

hybrid

composites,

sandwich-structured

C/Ge/graphene, hollow carbon spheres with encapsulated germanium (Ge@HCS),
and hierarchical urchin-like Ca2Ge7O16 hollow microspheres were investigated for
lithium ion batteries as alternative electrode materials. C/Ge/graphene composite was
synthesized by a microwave-assisted solvothermal reaction, and then a carbon coating
layer was introduced on the surface of the germanium graphene precursor, which was
then subjected to a reduction treatment. The as-obtained composite revealed a uniform
distribution of very fine germanium nanoparticles 20-30 nm in size between the
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graphene sheets and the carbon layers. The unique sandwich structure effectively
buffers the volume changes during lithium ion intercalation/de-intercalation processes,
so that the composite maintains the structural integrity, as well as ensuring favorable
transport kinetics for both lithium ions and electrons. Therefore, C/Ge/graphene
composites exhibit excellent lithium storage performance, with high reversible
capacity, excellent rate capability, and superior cycling retention. For the sample
consisting of hollow carbon spheres with encapsulated germanium particles, carbon
spheres not only function as a scaffold to hold the germanium and thus maintain the
structural integrity of the composite, but also increase the electrical conductivity. The
voids and vacancies that are formed after the reduction of germanium dioxide to
germanium provide free space for accommodating the volume changes during
discharging/charging processes, thus preventing pulverization. The obtained
Ge@HCS composite exhibits excellent lithium storage performance, as revealed by
electrochemical evaluation. For the sample of germanate, hierarchical urchin-like
Ca2Ge7O16 hollow microspheres were synthesized by a solvothermal reaction in a
system of ethanol-deionized water (1:5 by volume). The as-obtained hierarchical
microspheres revealed a hollow interior and an urchin-like shell composed of
numerous nanorods, which are about 30 nm in width and about 300 nm in length. The
unique structure effectively alleviates the strain of volume change, provides a short
lithium ion diffusion length, and facilitates the penetration of electrolyte, thereby
maintaining the structural integrity and stability of the anode, and ensuring favorable
transport kinetics for both lithium ions and electrons. Therefore, the urchin-like
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Ca2Ge7O16 hollow microspheres present high reversible capacity, and superior cycling
stability and rate capability, exhibiting potential as a promising anode material for
lithium ion batteries. the electrode containing them showed high reversible specific
capacity of up to 804 mA h g-1 at a current density of 100 mA g-1 after 100 cycles and
remarkable rate capability of 341 mA h g-1 at a current density of 4 A g-1.

Lithium iron phosphate and manganese dioxide were studied as the cathode materials
for lithium ion batteries in this thesis. LiFePO4 was doped by molybdenum to
optimize its electrochemical properties. The molybdenum doped LiFePO4/C
composite was synthesized through a facile and fast microwave-assisted solid-state
reaction. Rietveld analysis shows the incorporation of Mo onto the Fe site in the
LiFePO4 crystal structure, with the corresponding content of Fe being displaced onto
the Li site. The Li-ion vacancies that are consequently formed also act to facilitate
lithium ion diffusion, which can enhance the electrochemical performance of LiFePO4.
The relatively small particle size, generated by the fast and effective microwave
assisted synthesis, reduces the diffusion path of the lithium ions. The uniform
graphitic carbon coating on the Mo-doped LiFePO4/C and the 3D carbon network
improve electronic conductivity. The combination of these three effects effectively
enhances the electrochemical performance of Mo-doped LiFePO4/C. The Mo-doped
LiFePO4/C electrode, when charged and discharged at a constant current rate of 0.5C,
exhibits a capacity of 162 mA h g-1. The sample further demonstrates a steady
capacity of about 120 mA h g-1 over 2500 cycles at the 5C current rate, suggesting
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excellent cycling performance. The Mo-doped LiFePO4/C reported here shows good
properties for application as a cathode material in high-power lithium batteries.
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